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ABSTRACT Nuclear morphology is an importantindicator of cell function. Itis regulated by a variety of factors such as the osmotic
pressure difference between the nucleoplasm and cytoplasm, cytoskeletal forces, elasticity of the nuclear envelope and chromo-
somes. Nucleus shape and size are typically quantified using multiple geometrical quantities that are not necessarily independent
of one another. This interdependence makes it difficult to decipher the implications of changes in nuclear morphology. We resolved
this by analyzing nucleus shapes of populations for multiple cell lines using a mechanics-based model. We deduced two indepen-
dent nondimensional parameters, namely, flatness index and isometric scale factor. We show that nuclei in a cell population have
similar flatness but variable scale factor. Furthermore, nuclei of different cell lines segregate according to flatness. Cellular pertur-
bations using biochemical and biomechanical techniques suggest that the flatness index correlates with actin tension and the scale
factor anticorrelates with elastic modulus of nuclear envelope. We argue that nuclear morphology measures such as volume, pro-
jected area, height etc., are subsumed by flatness and scale factor, which can unambiguously characterize nuclear morphology.

analytical formula thus enable detecting a perturbation.

SIGNIFICANCE The nucleus is shaped by forces from the cytoskeleton and elastic properties of the nuclear envelope,
which are conferred by their constituent proteins that include actin, myosin, microtubules, and lamins. The variation in
these factors among individual cells in a cell population leads to variability in nuclear morphology. We characterize the
physical consequences of this in terms of two easily measurable geometric parameters. We also show that flatness index
of nuclei is maintained in a cell population, whereas the scale factor is variable. Any changes in these parameters may
therefore be construed as a perturbation to the cell population. Mere measurement of volume and projected area and an

INTRODUCTION

Nucleus morphology is an important indicator (1) and regu-
lator (2) of cell function. Many diseases such as cancer (3,4)
and laminopathies (5—7) are known to alter nuclear shape and
some of these pathologies can even be diagnosed from these
morphological aberrations. An interesting observation about
nuclear morphology is the remarkable uniformity in shape
but variability in size among individual cells in a population
and across multiple cell types. Nuclei of many cell types
cultured on two-dimensional substrates have a flat, pan-
cake-like shape (8). It is common practice to use general
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measures of geometry such as eccentricity, height, projected
area, surface area, and volume for characterizing nuclear
morphology (9). One shortcoming of such general shape de-
scriptors is that alterations to nuclear morphology cannot be
easily attributed to specific cellular perturbations. For
instance, increasing extracellular osmolarity reduced height,
projected area, and volume (10), whereas increasing sub-
strate elasticity increased projected area, reduced height,
and did not change the volume (11,12). These observations
suggest that the information regarding the mechanism of nu-
clear shape change is contained in a combination of these nu-
clear parameters and not in a single parameter. Here, we
identify alternate canonical nuclear morphology measures
by analyzing the variability in nuclear morphology across
multiple cell types using a mechanical model.

The simplest mechanical model for a pancake-like ge-
ometry is an inflated membrane compressed between
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two rigid plates (Fig. 1 C) (8). Inflating pressure is the net
pressure due to the osmotic pressure difference between
the nucleoplasm and cytoplasm and the compression
from microtubules. The compressive force from the flat
rigid plate on the top is due to the cortical actin tension
and the bottom rigid plate is the cell substrate. Even
though the compressive force from actin tension would
be akin to the compressive force from a stretched
membrane, we have assumed a flat plate. This assumption
is tenable because the cell area is typically much
larger than the nuclear area. By using the mechanical
analysis developed in (13) for such a mechanical configu-
ration (Fig. 1 C), we obtained two sets of interrelated
nondimensional parameters that can describe nuclear
morphology:

1) m; = PR/2EH, the ratio between the expanding pres-
sure, P, to the elastic modulus of the nuclear envelope,
Ey. R and H are the radius and thickness, respectively,
of the nuclear envelope in the undeformed state (Fig. |

B), and 7, = +/F/P7R2, the ratio between the compres-
sive force, F, to P and

2) Ao (scale factor), the elastic stretch at the apex of the nu-
cleus, and 7 (flatness index), half of the angle subtended
by cortical actin on the nuclear envelope in the unde-
formed state (Fig. 1 B).
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Nondimensional nuclear shape parameters

11 and Ay represent the effect of P and E; on nucleus
morphology. P expands the nucleus, which is resisted by
E,. Therefore, when E; increases, 1, and Ay decrease, and
vice versa. 17, and 7 indicate the effect of cortical actin ten-
sion by quantifying the contact area between the cortical
actin and the nuclear envelope in the model (orange region
in Fig. 1 C). n, is the ratio between the radius of this contact
region to the radius of the undeformed state: M'N'/R (Fig. 1
(). When this contact region is mapped to the undeformed
configuration (orange region in Fig. 1 B), it can be charac-
terized by the angle subtended at the center, 7 (Fig. 1 B).
Higher actin tension will flatten the nucleus, increasing
this contact area, and thereby increasing 7, and 7.

It may be noted that our model has only two independent
parameters and hence the values of any one set of nondimen-
sional parameters can be estimated from the other (Fig. 1
D). For instance, o=M'N'/MN = (n,R)/(TR)=n, = AT
where 7 is in radians. These parameters can be obtained by
fitting our model to nuclear shape. Because there are only
two independent nondimensional parameters, we need only
two geometric parameters of the nucleus to fit our model.
Any other geometric parameter can then be computed from
the model. For example, we can predict the surface area of
the nucleus if we know its projected area and volume. This rela-
tionship among projected area, volume, and surface area is rep-
resented by a surface in the three-dimensional (3D) space

B Undeformed state

FIGURE 1 Two-parameter nondimensional model
for nucleus morphology. (A) Nuclear envelope
(green) is shaped by forces from cortical actin (or-
ange), microtubules (blue), chromatin (purple),
and an osmotic pressure difference between the
nucleoplasm and cytoplasm. (B) The reference
configuration, undeformed state, of the nuclear en-
velope is assumed to be a spherical membrane of
radius R and thickness H (C) Forces from osmotic
pressure, microtubules, and chromatin is lumped
into an inflating pressure P = P, — P.. The force
due to cortical actin, F, is assumed to be akin to a
rigid flat plate pushing down on the nucleus. The
equations of equilibrium of the nuclear envelope
in terms of principal tensions, 7 and 75, and prin-
cipal curvatures, C; and C,, are shown. Solutions
to these equations depend on two nondimensional
parameters. Two choices for these nondimensional
parameters are 1) 7; and 7,, and 2) Ay and 7. By
s simulating the model for various values of these
nondimensional parameters, we obtained the corre-
o sponding nuclear shapes. Normalized projected area
(ap), surface area (a,) and volume (v), estimated
from these nuclear shapes formed a surface in the
a,-as-v space because there are only two indepen-
dent nondimensional parameters governing them.
The contour lines of the nondimensional parame-
ters, n; and 7, (D), and Ay and 7 (E), on this surface
are shown. To see this figure in color, go online.
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defined by these geometric parameters (Fig. 1, D and E). The
projected area, surface area and volume are normalized (repre-
sented by a,, a,, and v, respectively in Fig. 1, D and E) with the
radius of the undeformed configuration, R (see Materials and
methods), to account for the variability in nuclear size among
different cell lines. R is different for different cell lines but con-
stant for all cells in a population. For every point on this surface
the corresponding nondimensional parameters, 71, 7,, Ag, and 7
can be obtained by fitting our model to a,, a,, and v correspond-
ing to that point. The relationship among the geometric pa-
rameters, da,, d;, and v, and the nondimensional parameters,
11, M2, and A, 7, is shown using contour lines on this surface
(Fig. 1, D and E). Previously, we had used this model to infer
molecular mechanisms responsible for changes in nuclear me-
chanics due to hepatitis C virus by analyzing the changes in
nuclear morphology (14). In that work, we had used 7, and
1,, which are expressed in terms of mechanical parameters
such as P, E, and F. Here, we identified that 7 and A align
with the principal directions of variability in nuclear shapes
and hence form a canonical basis for nuclear morphology.
Furthermore, using cellular perturbations, we identify the geo-
metric and physical interpretations of these parameters.

We first verified the applicability of our model to multiple
cell lines by testing the relationship among different geometric
parameters predicted by our model (Fig. 1, D and E). For this,
we measured nuclear volume, surface area, and projected area
of individual nuclei from multiple cell lines using confocal im-
aging. For all the cell lines, these nuclear geometric parameters
lie on the surface predicted by our model, confirming the appli-
cability of our model to individual nuclei. Furthermore, nuclei
from a given cell population lie on a straight line on the surface.
The location and orientation of the line on the surface varies
with cell type. By using our model, we show that the orienta-
tion of this line is along A(. Next, we investigated the changes
in these nondimensional parameters using cellular perturba-
tions. We depolymerized actin using cytochalasin D, depoly-
merized microtubules using nocodazole, and cultured cells
on polyacrylamide gels of varying elastic moduli. We found
that 7 correlates with actin tension and A, anticorrelates with
the elastic modulus of the nuclear envelope. By using the
model, we further obtained the geometric interpretations of 7
and A as the flatness and isometric scaling of the nucleus,
respectively. Previous studies that have quantified nuclear flat-
ness by measuring its height and projected area also indicate
that 7 correlates with actin tension. Finally, we derive a conve-
nient method for estimating 7 from nuclear area and volume
using an analytical expression and a graph.

MATERIALS AND METHODS

Cell culture, chemical treatments, and
immunofluorescence

All cell lines were cultured at 37°C in DMEM with 10% FBS. Cells were
regularly passaged at around 80% confluence. For the cytochalasin D and no-
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codazole treatments, cells were seeded at low concentrations, around 100 k
cells on a 22-mm circular coverslip (Blue Star), and allowed to attach over-
night. 16 h after seeding, the cell medium was replaced with another contain-
ing the chemical at the required concentration for 2 h. For our studies we
have used 0.46 and 0.92 uM solutions of cytochalasin D and 6 uM solution
of nocodazole in DMEM. After incubation for 2 h, the cells were fixed using
4% paraformaldehyde and stained for nucleus and actin using Hoechst 33342
(Thermo Fisher Scientific, Waltham, MA) and rhodamine phalloidin
(Thermo Fisher Scientific), respectively. Confocal z stacks of the stained cells
were taken on a Leica Microsystems TCS SP5 II confocal microscope. An
oil-immersion objective lens with a magnification of 63x and a numerical
aperture of 1.4 was used. Z stack images were taken at a pixel size of
240 nm in the lateral directions and z-step size of 500 nm. The morphology
of the nucleus was obtained from these confocal stacks using a 3D-active-
contour-based image processing technique developed previously (14).

Polyacrylamide gel fabrication and
characterization

‘We have followed the protocol for polyacrylamide gel fabrication reported in
(15). Coverslips were ultrasonicated in 10% Extran solution for 15 min and
keptin hot-air oven at 80°C for 30 min. The coverslips were then washed with
de-ionised (DI) water and the traces of water were removed by rinsing with
100% ethanol. The cleaned coverslips were then kept overnight for drying at
80°C in the hot-air oven. For better adhesion to gels, these coverslips were
activated by treating with 10% 3-(aminopropyl)-triethoxysilane for 15 min
and subsequently washed with DI water and treated with 0.5% glutaralde-
hyde for 30 min. The coverslips were washed again and dried in the laminar
air-flow hood and sterilized using ultraviolet rays (UV).

‘We fabricated three bioinert polyacrylamide gels of different elastic moduli,
low, intermediate, and high, by altering the relative concentrations of acryl-
amide monomer and bis-acrylamide cross-linking monomer. Polyacrylamide
gel precursors were prepared by mixing 10% v/v acrylamide (40%; Sigma-Al-
drich) with 0.03%, 0.1%, and 0.3% v/v of N,N’-methylenebisacrylamide (bis-
AA 2% w/v in DW; Sigma) in DI water for low, intermediate, and high elastic
modulus gels, respectively. Gelation was initiated by adding 0.1% v/v tetrame-
thylethylenediamine (Sigma-Aldrich) and 0.1% w/v ammonium persulfate
(Sigma-Aldrich) to the gel precursor. 30 uL of this solution was pipetted to
silanized coverslips, covered with extran-treated glass slides and cured for
30 min. The coverslip with the intact gel was carefully peeled off from the glass
slide. Next, we treated these gels with Sulpho-SANPAH to enable cell adhe-
sion. Gels were immersed in 1 mg/mL sulfo-SANPAH (Thermo Fisher Scien-
tific) in 50 mM (pH 8.5) HEPES and reacted under UV for 10 min. The treated
gels were washed thrice with HEPES buffer. To improve cell adhesion, we
coated the gels with collagen. Rat tail collagen-I was mixed in 0.1 M acetic
acid (Thermo Fisher Scientific) at equal volume and in 50 mM (pH 8.5)
HEPES to reach 0.1 mg/mL final concentration. Gels were immersed in this
collagen solution and incubated overnight at 4°C. Before cell seeding, the
gels were sterilized by UV inside the laminar air-flow hood for 20 min. The
gels were maintained in a hydrated state all throughout these steps.

The elastic modulus of the gels were determined using an Atomic Force
Microscope (XE Bio from Park Systems, Suwon, South Korea). We have
used a V-shaped cantilever with a spherical bead of diameter 5.2 um
made of silicon dioxide attached to its bottom (AppNano HYDRAG6V-
200NG-TL; AppNano, Mountain View, CA). The force-displacement
curves were fit to a Hertzian contact model to determine the elastic modulus
(14). We obtained the following elastic moduli for the gels: low = 2.5 =+
0.3 kPa, intermediate = 10.7 + 0.2 kPa, and high = 36 + 2.2 kPa.

Nondimensional mechanical model for the
nucleus

We assumed that the nucleus is shaped by two forces, an expanding pres-
sure, P, and a downward compressive force, F (8). Forces on the nuclear



envelope from 1) osmotic pressure difference between the nucleoplasm and
cytoplasm, 2) compression in microtubules, and 3) chromatin were lumped
into an inflating pressure, P (16). The compressive force is the downward
force due to cortical actin and was assumed to be akin to a flat rigid plate
pushing down on the nuclear envelope (8). The nuclear envelope was
assumed to be a hyperelastic membrane (incompressible Mooney-Rivlin
material) that is spherical in the unloaded state (8,16,17).

Because the initial geometry, forces and boundary conditions are axisym-
metric, we used an analytical formulation developed for mechanical equi-
librium of axisymmetric membranes (13). The solution to the governing
equations for these boundary conditions depend only on two nondimen-
sional parameters, 1) 7, = PR/2EH and 2) 7, = \/F/PnR?, where P is
the expanding pressure, E; is the elastic modulus of the nuclear envelope,
F is the compressive force from cortical actin, R is the radius, and H is
the thickness of the nuclear envelope in the undeformed state. n; appears
in the governing equation, and 7, comes from the boundary condition.
For solving these differential equations, we require two other parameters:
1) Ay, the stretch at the apex point of the nuclear envelope (point M’ in
Fig. 1 C) and 2) 7, half of the angle subtended by the contact region between
cortical actin and nuclear envelope in the undeformed state (Fig. | B). How-
ever, as there are only two independent parameters, by specifying either of
them, the other two can be determined (14). In our simulations we have
specified Ay and 7, and estimated 7, and 7,.

We first solved the forward problem, i.e., to estimate the nucleus
morphology for a given set of nondimensional parameters. For given A,
and 7, we first calculated n; and 7,, and then numerically integrated
the governing equations to obtain the normalized nuclear morphology,
which is the deformed shape when a spherical membrane of unit radius,
thickness, and modulus of elasticity are deformed by an inflating
pressure = 7; and compressive force = 7,. The actual nuclear morphology
can be obtained by scaling the normalized nuclear morphology by R. The
actual and normalized nuclear geometric parameters are related through
the following scaling relations:A, = R?a,, A; = R%as, and V = Ry,
where A, A, and Vare the actual projected area, surface area, and volume
of the nucleus and a,, a, and v are the corresponding normalized
quantities.

Next, we used this forward problem to fit our model and obtain nondi-
mensional parameters corresponding to experimentally measured nuclei.
We calculated the projected area, surface area, and volume of individual
nuclei from the nuclear surfaces obtained by applying our image processing
method on the confocal images. These nuclear geometric parameters
were normalized using the following relations: @, = A,/R?, @, = A,/R?,
and v =V /R?, where “*” indicates the experimentally measured quanti-
ties. The model was fitted to individual nuclei by minimizing the error be-
tween the simulated and experimentally measured normalized nuclear
morphologies:

a, —a,\’ a, —a,\> v—7\’
min( —2) +(—) +(—) .
A0, ap, dag v

The trust-region-reflective algorithm (18) implemented in the Isqnonlin
function in MATLAB was used for minimization.

We have considered only those fits in which the error between the model
and experimentally measured nuclei was less than 10% for each of the nu-
clear geometric parameters. More than 90% of nuclei from each experiment
were found to fit within this error threshold. Because we have assumed the
nuclear envelope as a membrane and neglected bending modulus, it will
buckle under compression and therefore A4, > 1. Hence, R was chosen
such that more than 90% of the nuclei satisfy this criteria on Ay. Nuclei
with 4y < 1 were not considered in our analysis. Furthermore, for each
experiment, we have used the same R for all the nuclei of a cell line because
individual cells of each cell line were assumed to be descendant from a sin-
gle clone. More details of the model are available in our previous publica-
tion (14).

Nondimensional nuclear shape parameters

Statistical analyses

For the experiments involving multiple test groups, cytochalasin D treat-
ment and polyacrylamide gels, we have used ANOVA with Bonferroni
correction for statistical analysis. All groups which showed statistically sig-
nificant difference in means, p < 0.05, were indicated on the figures. For the
experiment with a single test group, nocodazole treatment, we have used
Kolmogorov-Smirnov test for statistical analysis.

RESULTS
Variability in nuclear shape

To quantify the variability in nuclear morphology we ac-
quired confocal images of the nuclei of Huh7, HeLa,
NIH3T3, MDAMB231, and MCF?7 cells. Nuclear surfaces
were obtained (Fig. S1) from these confocal images using
a 3D-active-contour-based image processing algorithm
that we had previously developed (14). From the nuclear
surfaces, we calculated the projected area, surface area,
and volume of each nuclei. Next, we normalized these geo-
metric parameters (a,, projected area; ay, surface area, v,
volume) using the radius of the undeformed state, R (see
Materials and methods). These normalized geometric pa-
rameters were fit to our model to obtain the nondimensional
parameters, 11, 12, Ag, and 7, of each nuclei. Our two-param-
eter model could fit the three nuclear geometric parameters
at less than 10% error in each of these parameters, for more
than 90% of the nuclei imaged from all cell lines.

The nuclear geometric parameters corresponding to indi-
vidual nuclei of all cell lines lie on the surface in the a,-a,-v
space predicted by the model (Fig. 2 A). Furthermore, the
geometric parameters corresponding to nuclei from each
cell line cluster around straight lines (Fig. 2 A). To obtain
the direction of this straight line for each cell line, we calcu-
lated the eigenvectors of the covariance matrix of the
normalized projected area, surface area, and volume
(Fig. 2 B). The largest and second-largest eigenvectors, v,
and v,, respectively, were aligned with A and 7, respectively
(Fig. 2 B). We confirmed this by calculating the Pearson’s
correlation coefficient of Ag and 7 with the components of
nuclear geometric parameters along the eigenvectors, v;
and v,. A and 7 showed high correlation with v; and v,
respectively, whereas Ay and v,, and 7 and v, were uncorre-
lated for all cell lines (Table S1). We obtained the standard
deviation along the principal directions (o1, 05, and g3) by
calculating the square root of the eigenvalues (Table 1).
g,/a, was equal to 9.7, 3.8, 6.2, 6.8, and 5.1 for Huh7,
HeLa, NIH3T3, MDAMB231, and MCF7 cells, respec-
tively. The large value of this ratio shows that the variability
in nuclear shapes is mostly along one direction, i.e., along
Ao- Variability along 7 was less than one-fourth of the vari-
ability along A. Hence, nuclear morphology is mostly a sin-
gle-variable function of A;. Nuclear morphology of HelLa
cells obtained from an independent study (19) also exhibited
this univariate behavior (last row of Table 1). This was
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FIGURE 2 Variability in nucleus shape.
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(A) Nuclear shape parameters, normalized projected area, surface area, and
volume of individual nuclei of MDAMB231 (orange, N = 204), HeLa
(blue, N = 173), MCF7 (gray, N = 143), Huh7 (red, N = 131), and
NIH3T3 (green, N = 241) cells plotted over the model surface (B) Direction
of largest variability in nucleus shape was obtained by estimating the prin-
cipal eigenvector of the covariance matrix of normalized projected area, sur-
face area and volume of the nuclei. The length of the arrow is proportional to
the square root of the largest eigenvalue. To see this figure in color, go online.

further confirmed by the linear correlation between the other
set of nondimensional parameters, n; and 7, (Fig. S2 A).
Pearson’s correlation coefficient between 1, and 7, was
0.69, 0.9, 0.94, 0.9, and 0.89 for Huh7, HeLa, NIH3T3,
MDAMB231, and MCF7 cells, respectively. In contrast,
Ao and 7 were uncorrelated (Fig. S2 B). Pearson’s correlation
coefficient between Agy, and T was —0.04, —0.26, 0.30, 0.17,
and —0.11 for Huh7, HelLa, NIH3T3, MDAMB231, and
MCEF7 cells, respectively. The alignment of Ay and 7 with
the principal variability of nuclear shapes and their mutual
orthogonality suggest that they are a canonical basis for
describing nuclear morphology.

Next, we checked if the range of values of Aj and 7 indi-
cate intrinsic properties of each cell line or whether they
represent the mechanical state of the cells. For this, we per-
turbed the mechanical state of cells by culturing them at a
high cell density. 7 was significantly lower in high-seed-
ing-density cultures in comparison to those at low-seed-
ing-density (Fig. S3) suggesting that these nondimensional
physical parameters were not fundamental properties of
the cells, but indicative of their mechanical state. For further
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TABLE 1 Principal variability in nuclear morphology
Principal variability

Cell line Ty 2 03

Huh7 5.6 0.6 0.2
HeLa 5.7 1.5 0.3
NIH3T3 5.6 0.9 0.2
MDAMB231 8.1 1.2 0.4
MCF7 4.6 0.9 0.2
HeLa (19) 3.7 0.4 0.05

Variability of nuclei of HeLa cells from an independent study (19) is given
in the last row.

understanding the relationship of these nondimensional pa-
rameters with the cell mechanical state, we modulated the
cells using biochemical (cytochalasin D and nocodazole)
and biomechanical (polyacrylamide gels) mechanisms.

Depolymerizing actin cytoskeleton by treating
with cytochalasin D

We systematically depolymerized actin cytoskeleton by treat-
ing with increasing concentrations of cytochalasin D, 0.46 and
0.92 uM, on four cell lines: HeLa, MCF7, MDAMB231, and
Huh7. Nuclear morphology obtained from confocal images
(Fig. S4) were fit to our model to estimate the nondimensional
parameters of individual cells (Figs. 3 and S5). 7 decreased
and A, increased with increasing concentration of cytocha-
lasin D. The reduction in 7 could be because of the decrease
in F due to actin depolymerization and subsequent decrease
in the contact area between the nuclear envelope and cortical
actin. Reduction in actin tension has also been shown to
reduce lamin-A,C expression, and thereby reduce the
modulus of the nuclear envelope (20,21). This would expand
the nucleus thereby increasing A.

In Huh7 cells, the decrease in T was not significant (Fig. 3
D). We hypothesized that this could be because F is low in
Huh7 control cells and hence a further reduction in F due to
actin depolymerization did not change the contact area
significantly. Low F was indicated by low 7, ~30° (Fig. 3
D). At such low 7, the nucleus is approximately spherical
and our assumption of representing the force from cortical
actin with a rigid flat plate may not applicable. To test
this, we generated cells with approximately spherical nuclei
by culturing them at high-seeding-density and then treated
them with cytochalasin D (Fig. S6). We confirmed from
the images that the nuclei were approximately spherical,
which is also indicated by low 7. In such cells, 7 did
not change consistently with cytochalasin D treatment
(Fig. S6) confirming our hypothesis.

Depolymerizing microtubules by treating with
nocodazole

Next, we depolymerized microtubules by treating cells with
nocodazole. Huh7, MCF7, MDAMB231, and NIH3T3 cells
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FIGURE 3 Changes in nondimensional parameters due to cytochalasin D treatment. Four cell lines, (A) HeLa (N; = 151, N, =293, N; = 164), (B) MCF7
(N} =137, N, = 239, N3 = 152), (C) MDAMB231 (N; = 195, N, = 88, N3 = 22), and (D) Huh7 (N; = 131, N, = 159, N3 = 104) were treated with two
concentrations, 0.46 uM, and 0.92 uM of cytochalasin D. Number of nuclei analyzed is represented by N; = control, N, = 0.46 uM, and N3 = 0.92 uM of
cytochalasin D. By fitting our model to individual nuclei, nondimensional parameters A and T were estimated. Scatter plot of nuclear shape parameters on the
model surface is shown in the left column. Each dot is an individual nucleus, and the colors represent black — control, blue — 0.46 uM, and green — 0.92 uM of
cytochalasin D. Bar graphs with the mean and standard deviation of 7 and A are shown in the center and right columns, respectively. Statistical analysis was
performed using ANOVA with Bonferroni correction and significance levels are represented by *p < 0.05, **p < 0.01, and ***p < 0.001. To see this figure in
color, go online.
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were incubated with 6 uM nocodazole for 2 h. We fit our
model to nuclear shapes obtained from confocal images
(Fig. S7) and obtained the nondimensional parameters
(Figs. 4 and S8). We observed that 7 increased significantly
in all the cell lines, whereas the variation in Ay was lower
and inconsistent across cell lines (Fig. 4). Depolymerizing
microtubules by nocodazole has been shown to increase
actin tension (22,23) via the Rho/ROCK pathway (24-27).
This will increase F and the contact area between the
cortical actin and nuclear envelope and hence, increase 7.
Furthermore, nocodazole treatment abrogates the compres-
sive pressure exerted by microtubules on the nuclear enve-
lope by depolymerizing them (8). This would increase P
and Aq. On the other hand, enhanced actin tension is known
to increase Ej, by upregulating lamin-A,C (20,21), thereby
decreasing Ay. These competing mechanisms could have
balanced each other and stabilized Ag.

Varying substrate stiffness

We further investigated the changes in the nondimensional
parameters because of changes in substrate stiffness. Alter-
ations in elastic modulus of the substrate are known to
change many cellular properties such as the shape and stiff-
ness primarily because of changes in the cytoskeleton
(20,28). Huh7 cells were grown on polyacrylamide gels of
2.5, 11, and 36 kPa elastic moduli. Glass coverslip of elastic
modulus =1 GPa was used as control. We obtained
confocal images of individual nuclei (Fig. S9) and estimated
the nondimensional parameters by fitting our model (Figs. 5
and S10). We observed that 7 increased and A, decreased
with increasing substrate elastic modulus (Figs. 5 and S9).
Previously, meenchymal stem cells (MSCs) cultured on
polyacrylamide gels of increasing elastic modulus were
shown to have enhanced actin tension and lamin-A,C
expression (20). This would increase F and increase Ej,
which would, in turn, increase 7 and decrease A,,.

Geometric interpretation of nondimensional
parameters

In all our experiments, we observed that increasing actin
tension (nocodazole and substrate stiffness) increased 7
and decreasing actin tension (cytochalasin D) decreased 7
for all the cell lines. This also corroborates with the physical
interpretation of 7 as a measure of the contact area between
the cortical actin and the nuclear envelope. Higher actin ten-
sion flattens the nucleus, thereby increasing the contact area
and 7. Hence, we hypothesized that 7 is related to the flat-
ness of the nucleus. To test this, we simulated our model
for a range of values of 7 and Ay and estimated the flatness
of the nuclear shape obtained. We quantified the flatness us-
ing aspect ratio, defined as the ratio of height to diameter.
The aspect ratio decreased slightly with A, for 4o < 1.2
and remained constant for A > 1.2 for all values of 7
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(Fig. 6 A). Aspect ratio decreased with 7 for all values of
Ao (Fig. 6 A). Therefore, 7 can be interpreted geometrically
as inversely proportional to the aspect ratio. To further
confirm this, we calculated the correlation between the
aspect ratio and the components of the nuclear geometric
parameters along the principal directions of variability
(Fig. 1; Table S1). Aspect ratio was negatively correlated
with the second principal direction and uncorrelated with
the first principal direction. Pearson’s correlation coefficient
was —0.88, —0.94, —0.83, —0.8, and —0.94 with the second
principal direction, and —0.3, —0.11, —0.43, —0.42, and
—0.1 with the first principal direction for Huh7, HeLa,
NIH3T3, MDAMB231, and MCF7 cells, respectively. For
a given aspect ratio, the nucleus can scale isometrically,
which is represented by Ay (Fig. 6 A). The independence
of these geometrical transformations, flattening and scaling,
is indicated by the orthogonality of 7 and Ay on the model
surface (Fig. | E).

We used the anticorrelation between 7 and aspect ratio to
compare our experimental results with previous studies.
Many studies have reported changes in nuclear height and
projected area as a consequence of perturbations to cellular
and extracellular factors governing nuclear shape. From
these measurements, alternations in aspect ratio can be
inferred.

1) Aspect ratio of nuclei increased when cells were treated
with reagents such as latrunculin A (Fig. 1 e in (9)), bleb-
bistatin (Fig. 3 d in (29)), and Y-27632 (Fig. SE10 in
(30)), which disrupt the actin cytoskeleton and decrease
actin tension. Aspect ratio increased with microtubule
stabilization by Paclitaxel, which is also known to
decrease actin tension (31,32).

2) Aspect ratio of nuclei decreased when Drosophilla S2R +
cells were treated with nocodazole (Fig. 1 e in (9)).

3) Aspect ratio of nuclei of MSCs (Fig. 1 in (20)) and
NIH3T3 cells (Fig. 1 in (11)) decreased when grown
on substrates of increasing elastic moduli.

All these studies independently support our experimental
results correlating actin tension with 7.

Finally, we derived a convenient technique to calculate 7
from projected area and volume of the nucleus. We observed
that the simulated nuclear shapes can be approximated by a
flat “pancake” geometry with circular ends (Fig. 6 B). For
such geometries, the aspect ratio, v, can be shown to be
the solution of the cubic equation,

(- -C-rere-o o

where Q is a nondimensional function of nuclear volume V
and projected area A given by Q = (V/7)/(24%?) (see
Supporting materials and methods for derivation). Analyt-
ical expression for the solution of this cubic equation is as
follows,
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vy =149

+ \/ (5.220 — 4.46) + \/ (5.220 — 4.46)* + 1.95

+ \/ (5.220 — 4.46) — \/ (5.220 — 4.46)* + 1.95. (2)

Because v is independent of Ay and a function of only 7
(Fig. 6 A), 7 can be obtained from <y using the graph
shown in Fig. 6 C. It may be noted that Q is similar to Vo-
gel number, which is a measure of the flatness of an ob-
ject. Vogel number is defined as the ratio of the square
root of the surface area to the cube root of the volume
(33). Q is therefore proportional to the inverse of the
cube of Vogel number.

We summarize the following techniques of increasing ac-
curacy and complexity for estimating 7 from nucleus shape.

1) From nuclear volume, V, and projected area, A, calculate
Q = (Vy/m)/(2A4%?). Obtain the aspect ratio, v, from Q
by solving Eq. | or by using the expression in Eq. 2.
Now, estimate 7 from vy using the graph in Fig. 6 C.
The points used to plot the graph in Fig. 6 C are given
in the excel file “aspectratio_tau.xIs” in Supporting ma-
terials and methods.

2) Assume a suitable value for R and estimate the normal-
ized projected area, surface area, and volume of nuclei
(see Materials and methods). Plot the normalized nuclear
geometric parameters on the model surface and obtain
the nondimensional parameters corresponding to the
nearest grid point. MATLAB scripts and data files for
performing this fit is given in the Supporting materials
and methods.

3) Numerically fit the model by minimizing the error in
normalized projected area, surface area, and volume be-
tween the simulated and experimentally measured nuclei
(see Materials and methods).

Because our model has only two independent parame-
ters, two geometric parameters, nuclear volume, and pro-
jected area, are sufficient to fit the model. Additional
geometric parameters, such as surface area, ensure a better
fit by correcting for any errors in the estimation of these
nuclear shape measures. Hence, the first method using
only two geometric parameters, volume, and projected
area, should be employed only when the images are of
high quality. We recommend signal to noise ratio >2 for
this simplified method. We have derived this approximate

plot of nuclear shape parameters on the model surface. Each dot is an indi-
vidual nucleus, and the colors represent the following items: black, control
(coverslip = 1 GPa, N = 44); blue, 2.5 kPa (N = 23); green, 11 kPa (N =
28); and red, 36 kPa (N = 24). Mean and standard deviation of 7 and A, are
shown in (B) and (C), respectively. Statistical analysis was performed using
ANOVA with Bonferroni correction and significance levels are represented
by *p < 0.05, **p < 0.01, and ***p < 0.001.
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method using nuclear volume and projected area because
these geometric parameters can be easily obtained from
high quality confocal images by thresholding.

Nondimensional nuclear shape parameters

DISCUSSION

We have shown that nuclear shapes can be represented by
two independent nondimensional parameters 7 and A,
which can be geometrically interpreted as the flatness
of the nucleus and isometric scaling or stretching of the
nuclear envelope, respectively. Nuclei in a cell population
have similar 7 and variability predominantly along A,.
Changes in 7 correlate with changes in actin tension.
This was shown experimentally using multiple perturba-
tions, biochemical and biomechanical, on multiple cell
lines. Observations from previous studies independently
corroborate with this relationship. Furthermore, we pre-
sented a method for conveniently estimating 7 from nuclear
volume and projected area using an analytical relationship
and a graph.

After firmly establishing that 7 correlates with actin ten-
sion, with further work that compares 7 with actin tension
measurements, it could be used as an alternative measure
for actin tension. This would then be a convenient approach
because measuring nuclear shape using confocal imaging is
easier than conventional techniques for estimating actin ten-
sion through traction force microscopy (34,35). These tech-
niques are cumbersome because they require live-cell
imaging and specialized soft substrates such as polyacryl-
amide gels (34) and micropillars (35). However, they pro-
vide spatial distribution of traction force in units of force
(N), stress (Pa) or energy (J), whereas 7 is a single nondi-
mensional number for a cell. Nevertheless, many studies
might require only relative changes in actin tension between
control and test samples, which are typically quantified us-
ing aggregate measures such as the strain energy (32),
maximal force, root mean squared, or average stress (23).
In such cases, 7 estimated from nuclear shape could be a
convenient alternative for estimating actin tension. Previ-
ously, a similar technique for indirectly inferring traction
forces from cell shape was developed (36,37). It may be
noted that decrease in actin tension cannot be detected
from 7 if the control cells have low tension. By using cyto-
chalasin D treatment on cells with low tension (Figs. 3 D
and S6) we have estimated this lower detection limit
as 7<30°. This restriction is because we have simplified
the force from cortical actin to compression from a rigid
flat plate. At low tension, this assumption may not be valid.
Because we are observing only nuclear shape (dimension =
length), our nondimensional parameters derived from nu-
clear geometry represent the ratio of force (dimension =
kg.m.sfz) to stiffness (dimension = kg.sf2). For instance,
Ao and 7 correspond to ratio between inflating pressure
and elastic modulus. Therefore, these parameters may not
be able to distinguish between an increase in inflating pres-
sure and a decrease in elastic modulus.

In our previous work, we had used 1, and 7, to infer the
changes in the expression of cytoskeletal and nuclear enve-
lope proteins by hepatitis C virus (14). Here, we found that
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these two nondimensional parameters are correlated under
all perturbations done in this study (Figs. S5, S8, and
S10). This could be because of molecular mechanisms inter-
relating osmotic pressure and actin tension (38). In contrast,
the other set of nondimensional parameters, Ay and 7, corre-
spond to the principal directions of variability and are inde-
pendent of each other. This independence can be inferred
from the orthogonality of the contour lines for 4y and 7 in
Fig. 1 D. The values of Ao and 7 estimated from the nuclei
of a cell population are uncorrelated (Fig. S2 B), further
confirming that these parameters are independent. Another
important feature of 7 is that it is independent of R, the
radius of the nucleus in the reference configuration (Fig. 1
B). This is a very important property because the unde-
formed configuration is unobservable. Having to assume
this unobservable undeformed state is a fundamental draw-
back of biomechanics studies that employ a solid mechanics
approach. The independence with the initial configuration
allows us to define a lower limit, 7 > 30°, for detecting a
reduction in actin tension. Even though 7, varies analogous
to 7 (compare Figs. 3, 4, and 5 with Figs. S5, S8, and S10),
we cannot define a lower limit of detection for 7, because it
depends on the value chosen for R. Therefore, we recom-
mend 7 and A for describing nuclear shape and its relation-
ship with mechanical factors of the cell such as the
cytoskeleton and nuclear envelope.

We showed that nucleus morphology in a cell population
is primarily a single-variable function of Ay. The variability
in 7 accounts for less than 25% of the total variability in nu-
clear shape. This means that nuclei in a cell population have
uniform flatness and the variability in size is due to isomet-
ric scaling. This univariate behavior is surprising because of
multiple biomechanical and biochemical parameters that are
known to govern nuclear shape. In our model we have
considered the following biomechanical parameters: tension
in cortical actin, elastic modulus of the nuclear envelope,
and osmotic pressure difference between the nucleoplasm
and cytoplasm, which are dependent on the following
biochemical parameters: expression of actin, myosin, and
lamin. The univariate behavior of nucleus shape suggests
that these biomechanical and biochemical parameters
collapse into a single parameter through interdependent
signaling mechanisms. For example, lamin-A,C is known
to regulate myosin through the SRF pathway (20). Further-
more, because the principal variability is along Ay, which is
equivalent to scaling, this variability could be cell-cycle
dependent. This is because cell cycle progression is known
to increase nuclear size to accommodate the increasing
DNA content (39). A cell-cycle-dependent mechanism can
also explain the variability in 7 because traction forces,
and therefore the actin tension, is known to vary with cell
cycle (40). Therefore, the variability in nuclear shapes could
be arising out of a cell-cycle-dependent mechanism with
biochemical feedback to integrate all the independent vari-
ables to a single variable.
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Our results show that independent mechanisms for modu-
lating actin tension, biochemical, or biomechanical, produce
similar changes in nuclear shape. Increasing tension flattens
the nucleus, increasing 7 and vice versa. This suggests that
the connection between the actin tension and nucleus shape
is essentially mechanical. The emerging mechanical picture
for a cell is akin to a tent: stabilized by the actin tension
(similar to the tensed canopy), and supported by the nucleus
(akin to the pole that carries compression). The nuclear en-
velope acquires compression-carrying capacity through a
net inflating pressure that tenses it, akin to a balloon.
Because the structure is stabilized by the tensions in cortical
actin and nuclear envelope, this mechanical viewpoint is
akin to a tensegrity with the following distinctions from
the original tensegrity theory for cells (41): 1) the tensile
element is a two-dimensional membrane 2) primary
compression-carrying member is the nucleus, which is an
inflated membrane, and therefore a tensegrity by itself.
Our study shows that this simple mechanical picture sat-
isfies multiple independent experimental observations.

In summary, we have used a mechanical model to decom-
pose the contributions from actin tension and -elastic
modulus of the nuclear envelope to nuclear shape. The
nondimensional parameters 7 and Ay that correlate with
these physical properties of the cell, were shown to be the
principal variables along which nuclear shape varies in a
cell population. By validating our model with multiple per-
turbations across many cell lines and previous studies, we
propose a mechanical picture of the cell akin to a tent, which
is stabilized by the tensions in actin cytoskeleton and nu-
clear envelope. We further derive a convenient method to es-
timate 7 from nuclear volume and projected area and
thereby pave the way for predicting the actin tension from
nuclear shape with further work and experimental data.
From a larger perspective, our results show that deeper
physical insights can be derived by combining physical
principles with experimental observations.

SUPPORTING MATERIAL
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