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ABSTRACT The nucleus in eukaryotic cells is a crowded environment that consists of genetic code along the DNA, together
with a condensed solution of proteins, RNA, and other molecules. It is subjected to highly dynamic processes, including cell di-
vision, transcription, and DNA repair. In addition, the genome in the nucleus is subjected to external forces applied by the cyto-
plasmic skeleton and neighboring cells, as well as to internal nuclear forces. These forces oppose the need to maintain the
genome order, which may be compensated by the internal nuclear viscoelastic properties that can restrain these forces. The
structural and mechanical properties of chromatin inside the nucleus are still not fully clear; however, their importance for the
proper functioning of the cells is unquestionable. Different approaches have been developed for this aim, ranging from directly
measuring the dynamic and elastic properties of chromatin to studying the interactions of chromatin with the surrounding enve-
lope and nuclear bodies. Although the elasticity of naked DNA in vitro is well characterized, the elasticity of chromatin in live cells
is more complex and is still not fully understood. Here, we studied the elastic properties of chromatin by dynamic measurements
in live cells, followed by viscoelastic modeling. We measured the trajectories of single chromatin loci, centromeres, and telo-
meres in live cells and analyzed their dynamics using the Langevin formalism. We assumed that the overall effect of the chro-
matin network forces can be modeled for each locus by a local harmonic potential and calculated the effective force constant. In
addition, we assumed that this harmonic force results from the chromatin network formed by the internal polymer structure
together with cross-links formed by the protein complex. We show that lamin A has the greatest effect on chromatin viscoelas-
ticity and that its removal leads to a significant reduction in the local harmonic force.
SIGNIFICANCE The structural and mechanical properties of chromatin inside the nucleus are still not fully clear;
however, their importance for the proper functioning of cells is unquestionable. We study the elastic properties of chromatin
by dynamic measurements of single loci in live cells, followed by viscoelastic modeling. More specifically, we analyzed their
dynamics using the Langevin formalism. Importantly, we found that lamin A renders essential viscoelastic properties to the
chromatin; however, this is completely modified in cells that lack lamin A. This indicates the importance of the protein as
well as the viscoelastic properties of chromatin for proper cell functioning. Furthermore, the nucleus stiffness was shown to
play an important role in preventing cancer metastasis by acting as an obstacle when the cell metastasizes through narrow
capillaries.
INTRODUCTION

The organization of chromatin and the packing of DNA in-
corporates different scaling levels. Initially, the DNA itself
is a rather rigid polymer with a persistence length of
�50 nm, which gives it a rather stiff character. At the next
level, however, nucleosomes that are �11 nm wide shorten
the total length by a factor of �6. Beyond that level, at the
�100 kbp range, HiC data were used to explore the exis-
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tence of topologically associated domains, which have a
typical size of �200–500 nm (1). These mechanisms result
in the formation of chromosome territories that are well
maintained in the nuclear volume. Furthermore, in previous
work, we have shown the existence of chromatin cross-links
that form a higher order of chromatin on a scale of 0.5–2 mm
(2).

The nucleus envelope is coated from the inner side by
lamina. The lamina is composed of intermediate filament
proteins, mainly lamin A and C (alternatively spliced prod-
ucts of a single gene, LMNA), together with lamin B1 and
B2, which are the products of two additional genes,
LMNB1 and LMNB2. The lamin proteins form dimers by
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Chromatin Viscoelasticity
the coiled-coil formation of their central rod domains, and
the dimers assemble head to tail into polar polymers (3).
They bind to the chromatin through their a-helical rod-
like domains and form lamina-associated domains (4). Fluo-
rescence recovery after photobleaching analyses indicated
that the assembly of lamins in the lamina results in stable
structures (5). The lamins incorporated into the lamina
have little or no mobility; however, a fraction of the nucle-
oplasmic lamin is mobile (6), and it was found to play an
important role in the entire nuclear volume by cross-linking
chromatin, as mentioned above.

Because the lamina can also bind chromatin, it provides
another level of chromatin stability to the nucleus. All these
mechanisms, each in its scale, provide the nucleus with its
structural and dynamic properties, which are essential for
the proper function of nuclear processes such as replication,
transcription, DNA repair, and gene regulation.

The nuclear membrane and lamina are assumed to play an
important role in resisting mechanical forces applied to
chromatin. However, the involvement of chromatin itself
in mechanical resistance has also recently been suggested
(7) and measured (8). The nuclear elasticity was measured
and found to be related to the chromatin condensation level;
it was suggested that the elasticity results from two spring-
like contributions of both the lamina and nuclear envelope
as well as the chromatin condensation itself. The elasticity
character of the chromatin was shown to affect the effi-
ciency of the nucleus packing (9,10), and it is related to
the regulation of genome architecture and nuclear programs
(11).

The packing of naked DNA is best described by a poly-
mer model. The DNA is known to be a semiflexible polymer
that can be accurately described by the worm-like chain
model and approximated by the freely jointed chain model
(12). For a given polymer length, the two models have the
same mean-square end-to-end distance. However, in the
freely jointed chain, the polymer is modeled to have N
freely jointed effective stiff rods, each with a Kuhn length,
whereas the worm-like chain model assumes a continuously
flexible rod with a characteristic persistence length that de-
fines the bending stiffness of the polymer and equals half of
the Kuhn length. These models have been well studied, and
the flexibility of double-stranded DNA fiber is characterized
by its�50 nm persistence length (13,14) and�2 nm for sin-
gle-stranded DNA (15), as verified by using a DNA origami
structure. One normally defines persistence length as a mea-
sure of the scale in which the direction of the polymer
changes significantly along the polymer. It is common to
describe the chromatin in the nucleus as resembling the
Rouse chain model (16); however, the nucleus is more com-
plex because it is expected to have cross-links as mentioned
above, and the system itself is an active gel, two factors that
are not considered in the classical Rouse model (17).

Much less work has been devoted to measuring the chro-
matin elastic properties. Cui and Bustamante measured the
persistence length of a single chromatin fiber and found a
persistence length of �30 nm (18). Dekker et al. used
the 3C technique to estimate that the persistence length
of chromosome in yeast is 28 nm (19), and further works
enabled the development of more realistic polymer models
(20). Bloom showed that the spring constant of naked DNA
or chromatin is proportional to kBT/lp, where lp is the
persistence length and the spring constant is estimated to
be in the order of fN/mm (femto-Newton per micrometer)
(21).

Previous work in our lab examined the dynamic proper-
ties of chromatin to shed light on its organization and func-
tions. We followed the diffusion of different chromatin loci
in live cells and analyzed the volume of motion and the type
of diffusion (2,22,23). We mainly measured the dynamics of
telomeres and centromeres that are spread in the whole nu-
clear volume. In normal cells, we found that the dynamics of
all chromatin loci are highly localized, and the volume
scanned by each loci was �0.02 mm3, which is very small
compared to the nuclear size (�104 mm3). The diffusion
was found to be anomalous and viscoelastic, which is in
agreement with fractional or Langevin dynamics (24,25).
However, the analysis was limited to characterizing the
diffusion, without testing the data according to physical
models for viscoelasticity.

We noted that many of the measured telomeres and
centromeres were located in the inner part of the nucleus,
3–10 mm away from the nuclear envelope and lamina (2).
Therefore, the constrained dynamics cannot be explained
only by the effect of the lamina, and a local mechanism
should be involved. Furthermore, we found that the strong
localized dynamics is highly dependent on the presence of
lamin proteins, especially lamin A, and that its depletion
leads to unconstrained motion of all chromatin loci (2).

Here, we attempted to examine the mechanical properties
of chromatin in live cells by analyzing the dynamics of sin-
gle chromatin loci and using first-order approximation of an
elastic model in the framework of the Langevin equation,
which is adequate for the overdamped stochastic dynamics
in the vicinity of a potential well. This model assumes
that the dynamics of each chromatin locus is governed by
its local diffusion coefficient and harmonic force constant,
a version of a mean-field approximation that approximates
the complex interactions as a single harmonic-like potential
at every locus site. Although the nuclear environment is
quite complex, as described above, most of the chromatin
domains remain constrained in their local environment;
therefore, they can be modeled as diffusing particles in an
external potential well. Even if the potential is more com-
plex, to the first order, the force can be modeled as linear
with the particle distance from its central coordinate
(Fig. 1).

We hypothesize that the constrained dynamics in the
entire nuclear volume results from a stiff harmonic potential
that originates from bonds formed by lamin A.
Biophysical Journal 118, 2258–2267, May 5, 2020 2259



FIGURE 1 Chromatin dynamics model. (A) The trajectory of a single lo-

cus analyzed as the stochastic diffusion in a harmonic potential well around

the center of mass is shown. (B) A simplified scheme of the viscoelastic

model is given. The chromatin acts like a polymer, in which each site inter-

acts with its neighbors through a given potential (orange springs) as well as

having long-distance interactions along the chain due to cross-links (red

springs). The overall effect is modeled as a local harmonic potential at

each locus. (C) A fluorescence image of a typical nucleus expressing

GFP-TRF1 proteins marking telomeres (green) is given. (D) A zoom-in im-

age of one telomere shows an example of the spot size that was measured.

The center of gravity (intensity) is denoted in red. The voxel size is 108 �
108 � 350 nm3. To see this figure in color, go online.
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Previous work performed by Amitai et al. (26,27) theoret-
ically tested the validity of such a model for chromatin in the
nucleus and found it to be adequate for a few different poly-
mer models, including the Rouse chain. It was also tested
experimentally for chromatin in yeast cells and further
developed theoretically (28).

Using this model will allow us to estimate the effective
local spring constant of chromatin and determine the effect
that lamin A and other proteins have on it. Lamin A emerged
in a previous work as an important nuclear organization pro-
tein (29).

The elasticity of chromatin is of great interest in a broad
range of physical and biological systems. However, most
previous work deals with theoretical estimation or simula-
tions. Application of polymer model theories to live-cell dy-
namic measurements has only been preliminarily studied
before in yeast cells, although it holds great potential for
advancing our understanding of the elastic properties and
cell function in general (26,30).
MATERIALS AND METHODS

We performed dynamic measurements of multiple chromatin loci in the

nucleus by labeling the telomeres and centromeres of the chromosomes.
2260 Biophysical Journal 118, 2258–2267, May 5, 2020
We used mouse embryonic fibroblasts (MEFs) and human U2OS osteosar-

coma cells. MEFs lacking lamin A/C (Lmna�/� MEFs) and their wild-

type (WT) (LmNaþ/þ MEFs) were kindly given to us by Prof. Susana

Gonzalo from Washington University School of Medicine, St Louis, MO.

The MEF cells were maintained in Dulbecco’s high-glucose modified

Eagle’s medium (Biological Industries, Beit HaEmek, Israel) containing

10% fetal bovine serum (Biological Industries), 1% penicillin and strepto-

mycin antibiotics (Biological Industries), and 1% L-glutamine (Biological

Industries). The U2OS cells were maintained in Dulbecco’s low-glucose

modified Eagle’s medium (Biological Industries) containing 10% bovine

serum and 1% penicillin and streptomycin antibiotics (Biological

Industries).

For telomere tracking, we used transient labeling of the shelterin subunit

TRF1 fused to green fluorescent protein (GFP) or red fluorescent protein

(dsRed); for centromere tracking, we used the transient labeling of CENPA

fused to GFP. The imaging system includes an inverted Olympus IX-81

fluorescence microscope coupled to an FV-1000 confocal set-up (Olympus,

Tokyo, Japan), and a UPLSAPO �60 objective lens with numerical

aperture (NA) ¼ 1.35. The cells were placed in a 37�C incubator (Tokai,

Shizuoka-ken, Japan) with a 5% CO2 level. The measurements were per-

formed in three dimensions to correct for cell motion, as well as linear

and rotational drift, although the actual dynamic analysis was performed

only on the planar xy motion.

The nucleus drift and rotation were corrected according to the center of

gravity of the species followed. We normally see about �50 telomeres in

the nucleus, and because their motion is rather small compared with the

size of the nucleus, the location of the center of gravity is an excellent

means of calculating the center of the nucleus and the drift, if any exists.

We therefore calculate the center of gravity at each time point and subtract

it from the trajectory of each telomere position. For eliminating possible

rotation of the whole nucleus, we consider only the rotation around the

z axis and calculate the rotation angle in between each two projections

of three-dimensional consecutive images after drift correction. The rota-

tion matrix is calculated, and the coordinates of each telomere are multi-

plied by the inverse matrix. A set of 35 equally spaced planes of the cell

nucleus were measured every 20.5 s with a voxel size of 108 � 108 �
350 nm3.

The confocal microscopy allows a temporal resolution of 100 frames

per second for two-dimensional images or �20 s per frame for three-

dimensional images and for a spatial resolution in the range of 180 nm.

However, single-particle tracking (SPT) provides a precision of �10 nm

for finding the center position of each spot (Fig. 1 D; (31)). This value

should not be confused with the resolution limit, which depends on the

point spread function. For a confocal microscope, the diffraction-limited

lateral xy resolution is roughly s ¼ 0.61l/
ffiffiffi
2

p
NA, where l is the emission

wavelength and NA is the numerical aperture of the microscope objective,

which results in 170 nm for green fluorescence and NA ¼ 1.4. In contrast,

precision measures the accuracy of determining the location of a single

spot observed through the microscope. This was calculated to be (30)

dSPT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðs2 þ a2=12Þ=Np
, where s is the confocal resolution, a is the

voxel dimension, and N is the total number of photons measured in the

whole spot. This equation neglects shot noise, but for a rather large num-

ber of photons (500 and more), it can be neglected. For our confocal mea-

surement with N�500, we obtained a precision that is higher than 10 nm.

The use of precision for improving the resolution, as described above, is

being applied within the photoactivated localization microscopy and sto-

chastic optical reconstruction microscopy super-resolution methods as

well.

We calculated the loci mean-square displacements (MSDs) using the

Imaris (Bitplane, CT) image analysis software package for locating coordi-

nates of labeled genomic loci as well as a MATLAB (The MathWorks,

Natick, MA) program that we developed for eliminating the rotational

and translational drift of each nucleus. We then calculated the MSDs and

the diffusion pattern and estimated the effective spring coefficient of each

spot in two dimensions.



FIGURE 2 Dynamics of telomeres. (A) The MSD

of all telomere trajectories in MEF cells (N ¼ 1131)

is given. (B) A scatter plot of step size versus the

relative position (relative to the center of motion)

is shown. The data were fitted to a linear curve

(the orange line). Note that the fit may look biased,

but this results from the tendency to follow the ellip-

se’s main axis, which differs from the fit. An

example is shown in Fig. S1. To see this figure in co-

lor, go online.

FIGURE 3 Effective spring constant distribution. The histogram presents

the effective spring constant, which is obtained by a linear fit of the scatter

plot (Eq. 6). It is based on an analysis of 1131 telomeres. To see this figure

in color, go online.

Chromatin Viscoelasticity
Analysis of the spring constant

To determine the elastic properties of single telomeres, we adopted a visco-

elastic model formulated by the Langevin equation:

m€x ¼ � g _x � kðx� xÞ þ f ; (1)

where g is the friction coefficient, k is the spring constant, and f is a random

external force assumed to have a zero average, hf i ¼ 0. The acceleration

term can be neglected, assuming overdamping, which results from the

low Reynolds number, which gives

g _x ¼ � kðx� xÞ (2)

Using the Einstein-Smoluchowski relation, g can be expressed using the

diffusion coefficient and the thermal energy kBT:

g ¼ kBT

D
; (3)

where kB is the Boltzmann constant, T is the temperature, andD is the diffu-

sion coefficient. Because the measurement is quantized, we can express the

equation using the single-step position vectors measured at time differences

dt:

kBT

D
� ðxiþ1 � xiÞ

dt
¼ �kðxi � xÞ (4)

This finally gives

k ¼ � kBT

D
� ðxiþ1 � xiÞ

dtðxi � xÞ (5)

The diffusion coefficient, D, is calculated separately for each gene locus

that we followed by taking only the short time intervals Dt ¼ 1 (20.5 s) and

Dt ¼ 2 (41 s). During this short time interval, the diffusion is assumed to be

normal and hDx2i ¼ 4DDt. By rearranging Eq. 5, we obtained

xiþ1 � xi|fflfflfflfflffl{zfflfflfflfflffl}
Y

z�ðDdt=kBTÞk|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
a

�ðxi � xÞ|fflfflfflffl{zfflfflfflffl}
X

(6)

and plotted a scatter plot of the step sizes versus the position with respect to

the average position (Fig. 2 B). Finally, the effective spring coefficient is

extracted by fitting the scatter plot to a linear curve and finding a.

The linear fit with a negative slope resembles the first-order approxima-

tion for the potential well experienced by the particle. The farther it is from

its central (average) position, the larger the force acting on it and the larger

the step backward should be.
Assuming that the chromatin is isotropic, the force constant of each

monomer is computed from all time steps N and all spatial dimensions d.

Another method for estimating the effective spring coefficient is given by

kz � 1

dðN � 1Þ
Xd

i¼ 1

XN�1

h¼ 1

kBT

D
� ðxiþ1 � xiÞ

dtðxi � xÞ (7)

Both estimations were suggested and used before (26,27). Nevertheless,

we found the first approach to be more accurate because with Eq. 7, small

values of Dx ¼ xi � x contribute very large values that dominate the calcu-

lation because this is where the particles spend most of their time. There-

fore, this method leads to erroneous values that over-emphasize k (30).

In contrast, by fitting a curve to the scatter plot found through Eq. 6, only

the average value is taken into account in the fit for each Dx value.
RESULTS

Calculation of the force constant of chromatin
loci

We measured the trajectories of different gene loci in MEF
cells, calculated their MSDs in the xy plane (Fig. 2 A),
plotted a scatter plot of the step sizes versus their relative
position (Fig. 2 B), and estimated the effective spring coef-
ficient of each locus (Fig. 3).
Biophysical Journal 118, 2258–2267, May 5, 2020 2261



FIGURE 4 The motion of chromatin. (A) A scat-

ter plot of the effective spring coefficient versus

the volume of movement of all telomere trajectories

(the blue dots) is given. The data were fitted to a po-

wer law, k¼ av�b, with a¼ 3.755 0.73 [kBT , mm]

and b ¼ 0.88 5 0.036 (the red line). (B) A scatter

plot of the effective spring coefficient versus the

variance of the telomere trajectories (the blue dots)

is shown. The data were fitted to a power law, k ¼
a<R2>�b, with a ¼ 4.66 5 1.3 [kBT , mm] and

b ¼ 0.7255 0.047 (the red line). The data included

1131 telomeres. To see this figure in color, go online.

Vivante et al.
Fig. 3 presents a histogram of the effective spring con-
stants of all telomeres obtained by a linear fit of the data
(Eq. 6). We found an average k-value of 202.2 [kBT/mm

2],
where 50% of the data are between 74.4 and 273.3 [kBT/
mm2] (first-third quartiles). A comparison with the effective
spring constants obtained by calculating with Eq. 7 is shown
in Fig. S2.

To verify that the motion of the chromatin locus is indeed
influenced by the polymer interactions, we present in Fig. 4
the effective spring coefficient versus the volume of move-
ment, the volume that the telomere scanned during the mea-
surement time of �20 min, and the variance of the locus
trajectory, calculated by

�
R2
� ¼ 1

N

XN

h¼ 1

ðRðhDtÞ � hRiÞ2 (8)

The power-law decay of the graph is reasonable; when the
spring coefficient is small, we expect the trajectory variance
to be large and vice versa. We fitted the data to the expected
polymer-like behavior found by Amitai et al. (25), k ¼ a/vb

and k ¼ a/hR2ib and determined the a and b coefficients
(Fig. 4). They differ from the predicted values, which
were calculated to be a ¼ 2 and b ¼ 1 for a polymer model
((26), Eq. 12). This calculation is based on assumptions that
do not take into account other features of the chromatin
model, such as cross-links, that can alter the values. The
same holds for the volume of movement. This suggests
that the motion of the chromatin is localized because of a
restoring harmonic force that originates from the polymer
nature of the chromatin as well as other physical constraints.
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These may include the cross-links enforced by lamin A,
which transforms the chromatin to a gel-like structure, and
lamina that can bind chromatin close to the nuclear enve-
lope. The same data is shown in a log-log scale in Fig. S3.
It also emphasizes the relation between the spring coeffi-
cient and the trajectory variance or the volume of movement
as described above.

A similar measurement and analysis were performed on
centromeres, which are mostly located inside the chromo-
somes. It is well known that the centromeric area is nor-
mally more condensed with respect to the other
chromosome parts because of its structure (32). We
compared the effective spring coefficients of 1021 telomeres
and 1040 centromeres in U2OS cells (Fig. 5) and found an
average k-value of 147.62 [kBT/mm

2] for telomeres, where
50% of the data are between 63.7 and 190.7 [kBT/mm

2]
(first-third quartiles), and 344.6 [kBT/mm

2] for centromeres,
where 50% of the data are between 170.3 and 472.1
[kBT/mm

2] (first-third quartiles). A Student’s t-test yielded
a p-value of p < 10�100, which confirms the significant dif-
ference between them. This result is in agreement with the
differences we found in determining the dynamics of these
different loci, where the diffusion of telomeres was found
to be higher than that of centromeres (2).
The effect of different proteins on the effective
force constant

In previous studies, we predicted that the chromatin is stabi-
lized by cross-links of DNA, which transform the chromatin
from a freely moving polymer to a gel-like structure; we
FIGURE 5 A comparison between the effective

spring coefficient of telomeres and centromeres in

U2OS cells. (A) Histograms are given of the effec-

tive spring constant, which was obtained by a linear

fit of the scatter plot, as explained in Eq. 6, in telo-

meres (green) and in centromeres (red). (B) A box-

plot of the two is shown. The data included 1021

telomeres and 1040 centromeres. A Student’s t-test

yielded a p-value of p < 10�100. To see this figure

in color, go online.



FIGURE 6 The effective spring constant of all

telomeres in cells that do not express lamin A. (A)

A scatter plot of step size versus the relative position

(relative to the center of motion) of telomeres is

given. The data were fitted with a linear fit (the or-

ange line). (B) The histogram presents the effective

spring constant, which was obtained by a linear fit of

the scatter plot (Eq. 6). The data included 453 telo-

meres. To see this figure in color, go online.
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found that lamin A has a major effect on chromatin dy-
namics (2,29). To test the effect of lamin A and other pro-
teins on the mechanistic model that we propose here, we
performed comparison measurements of the force constants
in control cells and cells that are depleted of one protein at a
time.

The effect of lamin Awas tested in MEF cells that do not
express lamin A protein in comparison to WTMEF cells. As
before, we measured the dynamics of telomeres in these
cells, plotted a scatter plot of the distribution of step sizes
versus the relative spot position, and calculated the effective
spring constant, as well as its distribution for all telomeres
(Fig. 6). We found an average k-value of 20.47 [kBT/mm

2],
where 50% of the data are between 6.6 and 27.6 [kBT/
mm2] (first-third quartiles).

Fig. S4 presents the effective spring coefficient versus
the volume of movement and the variance of the locus tra-
jectory (as explained before) in cells that do not express
lamin A.

A comparison between the spring coefficient of WT cells
and cells that do not express lamin A reveals a significant
10-fold reduction in the force constant, which indicates a
dramatic change in the elasticity and confinement of the
chromatin (Fig. 7). This dramatic reduction in the force
constant implicates the increment of the chromatin dy-
namics in cells depleted of lamin A with respect to WT
cells (2).

Next, we compared the effective spring coefficients that
we obtained after the depletion of seven more proteins. First,
we measured the trajectories of different spots in MEF cells
that are depleted of a specific protein and calculated the
effective spring coefficient. Each result was compared to
WT MEF control cells. The comparison is shown in
Fig. 8. As one can see, lamin A protein stands out as having
a dramatic effect on the elastic properties of chromatin. The
depletion of other proteins, such as BAF and lamin B1, also
leads to a small decrease in the elastic constant, whereas
others, such as cohesin and condensin, do not have any ef-
fect on the elastic properties of the chromatin.

Fig. 9 summarizes the results of the average effective
spring coefficient that we obtained in WT MEF cells and
MEF cells that are depleted of each specific protein that
we tested. The table also shows the previous results of the
volumes of motion and the anomalous exponent that we
measured in those cells (29). We determined whether the ef-
fect is significant using a t-test between WT and knock-out
(KO) cells and denoted in Fig. 9 a significant increase or
decrease in blue or red, respectively.
Force coefficient as a function of the locus
position

Finally, to test the effect of lamina and compare the chro-
matin dynamics close to the nuclear envelope and the nu-
cleus interior, we compared the effective spring coefficient
of spots inside the nucleus and spots that are closer to the
nucleus envelope (Fig. 10). The separation between the
spots was based on the convex hull, which defines the min-
imal area that confines all the spots. The spots that do not
touch the convex hull are defined as the interior spots,
FIGURE 7 A comparison between the effective

spring coefficient of WT cells and cells that do not

express lamin A. (A) Histograms are given of the

effective spring constant, which was obtained by a

linear fit of the scatter plot, as explained in Eq. 6,

in WT cells (green) and in cells that do not express

lamin A (red). (B) A boxplot of the two is shown.

The WT cells included 1131 telomeres, and the

lamin A depletion cells included 453 telomeres. To

see this figure in color, go online.
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FIGURE 8 A comparison between the effective

spring coefficient of WT cells and cells that do not

express a specific protein. A boxplot of the effective

spring constant of WT cells or negative control cells

(NCs) and cells that are depleted of a specific protein

is given. To see this figure in color, go online.
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whereas the rest are defined as peripheral spots. We repeated
the analysis in cells that do not express lamin A protein
(Fig. 11).

In WT cells, no significant difference exists in the effec-
tive spring coefficient found for chromatin loci that are
either inside the nucleus or located closer to the nuclear en-
velope. In cells that do not express lamin A, however, the
effective spring coefficient inside the nucleus is somewhat
larger than that of chromatin loci that are closer to the nu-
clear envelope.

Our previous works on chromosomes dynamics showed
similar results (2,22). In normal cells, there is no significant
difference between the volume of motion inside the nucleus
and closer to the envelope. In contrast, in cells that do not
express lamin A, the volume of movement inside the nu-
cleus is smaller than the motion of chromatin sites that are
closer to the nuclear envelope. Therefore, the spring coeffi-
cient is larger in the inner nucleus.
2264 Biophysical Journal 118, 2258–2267, May 5, 2020
DISCUSSION

In this work, our aim was to study the elastic properties of
chromatin in vivo. We focused on the elastic properties of
several loci in the chromosomes and modeled their visco-
elastic properties according to the Langevin equation and
an approximation of the harmonic potential well experi-
enced by each chromatin locus. Accordingly, we estimated
the effective spring coefficient of each chromatin site,
including telomeres and centromeres. We found that the
average effective spring coefficient of telomeres in normal
cells is 202.2 [kBT/mm

2], and it is 344.6 [kBT/mm
2] for cen-

tromeres. The effective spring coefficient that we found is
larger than the value found previously in yeast chromatin
sites (26); this indicates the stiffer elastic properties of chro-
matin in mammalian cells.

We then studied the effect of a series of proteins on the
elastic properties of chromatin. We found that lamin A
dramatically influences the elastic properties of chromatin
FIGURE 9 The dynamics and elastic results of

WT cells and cells depleted of a specific protein. It

shows the effective spring coefficient, the volume

of motion, and the anomalous exponent that we

measured and calculated for each cell. A significant

effect, increase or decrease, between WT and KO

cells is denoted in blue or red, respectively. To see

this figure in color, go online.



FIGURE 10 The effective spring coefficient as a

function of the nucleus location in WT cells. (A)

All the data we measured are presented together

(1131 telomeres). The inner spots are presented in

blue, and the spots that are closer to the envelope

are presented in red. (B) Histograms of the effective

spring constant in inner telomeres (blue) and in telo-

meres that are closer to the envelope (red) are given.

To see this figure in color, go online.
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and that the effective spring coefficient of chromatin sites in
cells that did not express lamin A is only 20.47 [kBT/mm

2], a
reduction of �90% with respect to WT cells. Other proteins
that we measured did not significantly influence the elastic
properties of the chromatin. These results are in agreement
with our previous results, inwhichwemeasured the chromatin
locus dynamics and the diffusion pattern (29).

Another study investigated the mechanical properties of
chromatin and lamin A and found different mechanical
response properties (33). Micromanipulation methods
were used to isolate and stretch individual cell nuclei. It
was found that chromatin maintains the nuclear morphology
and resists small deformations, which determines the short-
extension force response, whereas depletion of lamin
A/C does not contribute significantly to this regime. The
chromatin governs the response to small extensions and
modulates the stiffness through the euchromatin and hetero-
chromatin levels. In contrast, lamin A controls the strain
stiffening at large extensions (33).

The viscoelastic properties of chromatin were also
measured by analyzing the long-distance coherence of his-
tone dynamics in HeLa cells (34). Coherence was detected
based on the range of micrometers, beyond the typical
size of a chromosome territory, and it was also explained
through the elastic properties of chromatin. If the chromatin
has significant elasticity, it can transmit local forces across
large distances, even beyond the size of a chromosome
territory, which would lead to coherent motions of large
areas of the chromatin. It was also studied theoretically,
showing the time-space correlations of chromatin loci
(35). Here, a coarse-grain model of chromatin was assumed,
in which each two monomer segments are connected by
springs, together with a hydrodynamic drag in the nucleo-
plasm. This emphasizes the importance of the elasticity of
the polymer, together with the viscoelastic properties of
the nucleoplasm.

We also found that in normal cells, the effective spring co-
efficient was not affected by its position inside the nucleus.
Different results, however, were found in yeast cells, where
it was found that when the observed monomer is closer to
the anchoring locus, the trajectory is more localized, and the
effective spring constant is larger (26). This difference can
be explained because yeast cells are much smaller and are
known toanchor chromosomes tightly to the nuclear envelope.

In cells that do not express lamin A, the effective spring
coefficient is somewhat larger for sites inside the nucleus
relative to sites that are close to the nuclear envelope. These
results are also in agreement with our dynamics results
(2,22). This suggests that although lamina interacts with
chromatin on the nuclear envelope, the inner nuclear struc-
ture of chromatin with the lamin A cross-links provides
stiffer elastic properties in the nuclear volume.

The force coefficient was found to be distributed differ-
ently in WT cells versus cells that are depleted of lamin
A. In WT cells, the coefficient has a rather broad distribu-
tion, whereas in lamin A-depleted cells, the coefficient
FIGURE 11 The effective spring coefficient as a

function of the position of the chromatin loci in

the nucleus in cells that do not express lamin A.

(A) The volume of motion of 453 telomeres is

shown; the inner spots are denoted in blue, and spots

that are closer to the envelope are denoted in red. (B)

Histograms of the effective spring constant in inner

telomeres (blue) and in telomeres closer to the enve-

lope (red) are given. To see this figure in color, go

online.
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average is �10-fold smaller, and the distribution is much
narrower. These findings indicate that the local environment
in WT cells is heterogeneous, perhaps because of a different
local condensation of the chromatin, eu-, and heterochro-
matin. The fact that lamin A depletion reduces the force
constant and makes the distribution narrower can be ex-
plained by the effect of the loss of cross-links in the entire
nuclear volume and the anchoring to the lamina.

All together, we confirmed that the elastic properties of
chromatin can be extracted from single chromatin sites.
The force constant is larger in the inner nuclear volume
than in the envelope in lamin A depletion cells, and it is
strongly dominated by lamin A, whereas other proteins
have no significant or only a small effect. This strongly sup-
ports the notion that chromatin properties resemble those of
a polymer gel rather than a simpler Rouse model or a fractal-
like structure. These elastic properties significantly affect
many of the nuclear functions and should be further studied.

Furthermore, a connection between the mechanical prop-
erties of the cell nucleus and cancer metastasis is emerging
lately. The nucleus, which is the largest cellular organelle, is
rather stiff in normal cells, but once it becomes less elastic,
as we found, it can be deformed more easily and stops acting
as an obstacle when the cell metastasizes through narrow
capillaries (36,37).
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