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The nucleus in eukaryotic cells is the site for genomic 
functions such as RNA transcription, DNA replication, 
and DNA repair/recombination. However, the nucleus is 
subjected to various mechanical forces associated with 
diverse cellular activities, including contraction, migra-
tion, and adhesion. Although it has long been assumed 
that the lamina structure, underlying filamentous mesh-
work of the nuclear envelope, plays an important role in 
resisting mechanical forces, the involvement of compact 
chromatin in mechanical resistance has also recently 
been suggested. However, it is still unclear how chromatin 
functions to cope with the stresses. To address this issue, 
we studied the mechanical responses of human cell nuclei 
by combining a force measurement microscopy setup 
with controlled biochemical manipulation of chromatin. 
We found that nuclei with condensed chromatin possess 
 significant elastic rigidity, whereas the nuclei with a 
 decondensed chromatin are considerably soft. Further 
analyses revealed that the linker DNA and nucleosome- 
nucleosome interactions via histone tails in the chromatin 
act together to generate a spring-like restoring force that 
resists nuclear deformation. The elastic restoring force is 
likely to be generated by condensed chromatin domains, 

consisting of interdigitated or “melted” 10-nm nucleosome 
fibers. Together with other recent studies, it is suggested 
that chromatin functions not only as a “memory device” 
to store, replicate, and express the genetic information for 
various cellular functions but also as a “nuclear spring” 
to resist and respond to mechanical forces.

Key words: nuclear stiffness, cohesin, Mg2+, lamin,  
chromosome

Our human body is composed of ~40 trillion cells [1]. 
Each cell contains ~2 m of genomic DNA in a small cell 
nucleus of an approximately 10 μm diameter (a volume of 
only ∼100 fL–1 pL). The cell nucleus is the site of genomic 
functions such as RNA transcription, DNA replication, and 
DNA repair/recombination in eukaryotes [2]. While main-
taining its structural and functional stability, the nucleus is 
subjected to various mechanical forces (Fig. 1) [3–6]. The 
stress is especially prominent in skeletal and cardiac muscle 
cells, whose nuclei are exposed to contractile forces gener-
ated by cells [5], and also in migrating cells, which penetrate 
to distant tissues by squeezing their bodies through small 
spaces [7]. Failures in resisting such mechanical stresses 
result in substantial damage to genomic DNA, which sub-
sequently perturbs its function and has been linked to 
tumori genesis and cell death (Fig. 1) [8–10]. The nucleus 
thus requires a mechanism(s) to resist and respond to these 

The nucleus in eukaryotic cells is the site for genomic functions such as RNA transcription, DNA replication, and DNA repair/recombination. How-
ever, the nucleus is continually subjected to various mechanical forces. How can the nucleus cope with such forces? Recent studies including ours 
have suggested that chromatin functions not only as a “memory device” to store, replicate, and express the genetic information for various cellular 
functions but also as a “nuclear spring” to resist and respond to mechanical forces.
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itself, stretched like ‘‘beads on a string’’ by electrostatic 
repulsion, and Mg2+decrease the charge and repulsion. The 
compaction states of chromatin in the nuclei can be con-
trolled by altering the Mg2+ concentration in the environment 
[42,43]. For example, at 5 mM Mg2+, chromatin becomes 
condensed and forms chromatin domains, whereas it decon-
denses in the absence of Mg2+ (Fig. 2).

For measuring their micromechanics, single nuclei were 
captured using a pair of thin glass microneedles (diameter: 
~1 µm). They were then stretched by moving one micro-

mechanical forces.
In the stress resistance of nuclei, it has long been thought 

that the filamentous meshwork structure of the nuclear enve-
lope, including lamin A/C, lamin B, and other inner nuclear 
membrane proteins, play an important role [11,12]. Indeed, 
their mutations often lead to loss of nuclear integrity and 
cause a variety of human genetic disorders: the so-called 
“laminopathies” such as Emery-Dreifuss muscular dystrophy 
and Hutchinson-Gilford progeria syndrome.

Chromatin, which consists of nucleosomes with long 
 genomic DNA wrapped around core histones [13] and other 
associated proteins, has recently been suggested to contrib-
ute to the mechanical properties of the nucleus as a non- 
genetic function [14]. Unlike conventional textbook models, 
recent studies have suggested that, within the nucleus, the 
nucleosome fibers are irregularly folded into higher-order 
structures [15–24] such as interdigitated fibers, which re-
semble a “polymer melt” (i.e. liquid-like state of entangled 
polymers) [25], and which undergo compacted domain/fiber- 
like organization [26–31]. However, it has been unclear how 
such an irregularly-folded chromatin supports the nuclear 
structure and resists mechanical stress.

Several biophysical measurements have shown that nuclei 
with condensed chromatin possess substantial mechanical 
resistance [32–37]. However, the direct consequence of chro-
matin compaction on nuclear rigidity is unknown, because 
there is no effective method to quantitatively analyze chro-
matin’s mechanical contribution, together with its changing 
compaction levels. To address this issue, we developed an 
assay that combines a force measurement microscopy setup 
[38, 39] with controlled biochemical manipulation of chro-
matin [40] to study the mechanical responses of human cell 
nuclei. In this review  article, we summarize our recent find-
ings and discuss the mechanisms regulating nuclear mechan-
ics, along with related studies recently published.

Measurement of nuclear rigidity
The nuclei that we examined were isolated from HeLa 

cells [41]. Chromatin has a net negative charge and is, by 

Figure 1 Resisting mechanical stress. The cell is continually sub-
jected to various mechanical forces (left). Failures in resisting such 
mechanical stress can cause cell abnormality such as cell death (right). 
The nucleus requires mechanism(s) to resist and respond to the mech-
anical force. The illustrations were reproduced from [67] with modifi-
cations.

Figure 2 Chromatin organization in the cell nucleus. Schematics 
showing possible folding of the nucleosome fibers in the nucleus at dif-
ferent Mg2+ concentrations. Dark blue, DNA; light blue, core histones; 
red, nuclear envelope. (A) At 5 mM Mg2+, the nucleosome fibers are 
irregularly folded and assemble into compacted domains. (B) At 1 mM 
Mg2+, the nucleosome is in a transition state. (C) At 0 mM Mg2+, the 
nucleosome fibers exhibit an elongated beads-on-a-string structure. 
The illustrations were reproduced from [41] with a minor modification.
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analysis revealed no obvious differences in the abundance  
of major nuclear components, including core and linker 
 histones, over the tested perturbation conditions [41]. A 
western blot analysis also confirmed that putative interphase 
DNA-crosslinking proteins cohesin, [44,45], CTCF [46], con-
densin II [47], and inner nuclear membrane protein lamin A/C 
[11,12] remained intact [41]. Together, we concluded that the 
mechanical rigidity of nuclei altered upon Mg2+-dependent 
chromatin compaction.

Nucleosome-nucleosome interactions via histone 
tails and linker DNA in chromatin regulate nuclear 
rigidity

Previous studies reported that treatment of cells with  
the histone deacetylase inhibitor, trichostatin A (TSA) [48], 
resulted in decondensed chromatin, most likely because the 
nucleosome-nucleosome interactions, which are mediated 
by binding of the histone H4 and H3 tails to the neighboring 
nucleosomes, were weakened (Fig. 4A and B) [20,31,49,50]. 
To examine its effect on nuclear mechanics, histone- 
acetylated nuclei were prepared by treating cells with TSA 
followed by the same isolation protocol used as mentioned 
above. We found that histone-acetylated nuclei at 5 mM 
Mg2+ were significantly softer (~25 nN/µm) than untreated 
control nuclei [41]. Therefore, the nuclear rigidity depended 
on nucleosome-nucleosome interactions mediated by histone 
tails (Fig. 4A and B) [50–52].

We also identified a role of linker DNA in regulating 
nuclear rigidity. This was achieved by treating isolated nuclei 
with a restriction endonuclease HaeIII to cut the nuclear 
DNA into small fragments, followed by exposure to a stretch-
ing force (Fig. 4A and C). These nuclei appeared to have 
>3-fold softer rigidity than untreated control samples 
(~17 nN/µm; versus >55 nN/µm at 5 mM Mg2+) [41].

Notably, the rigidity of nuclei with biochemically perturbed 

needle away from the other (Fig. 3A) [41]. This induced  
an extensional deformation (dotted lines, Fig. 3B) and the 
development of a resisting force in the nuclei. The force (F) 
could be estimated according to the Hooke’s law, based on 
the bend of the flexible microneedle tip (Δx, Fig. 3B) and its 
pre-calibrated stiffness (kf) [41]. Nuclear rigidity was exam-
ined based on the developed force and resultant defor mation, 
under various biochemical conditions of chromatin (Fig. 2).

We found that the nuclear rigidity depended on Mg2+ con-
centration in the buffer to which the nuclei were exposed. At 
5 mM Mg2+, when chromatin is assembled into highly com-
pacted domains (Fig. 2A), the nuclei showed an elastic defor-
mation in the submicron range (~50 nN/µm), and restored 
their original shape as soon as the applied force was removed 
(solid line, Fig. 3C). On the other hand, the nuclei became 
more softened as a larger force was applied (~100 nN) 
 (dotted line, Fig. 3C) [41]. Typical force magnitudes that 
cells generate and are subjected to are on the order of nN. 
Therefore, nuclei with condensed chromatin possess consid-
erable elastic rigidity and can maintain their shape against 
cellular-scale forces.

At 1 mM Mg2+, chromatin is slightly decondensed and 
forms an intermediate structure between the chromatin fibers 
and domains (Fig. 2B). The rigidity of nuclei, measured at 
the elastic small deformation range, was >3-fold smaller at 
1 mM Mg2+ than at 5 mM Mg2+ (~15 nN/µm) [41]. When 
exposed to 1 mM EDTA (i.e., at ~0 mM Mg2+), the nuclei 
were swollen (>200%) with highly extended nucleosome 
fibers, which repulsed to each other (Fig. 2C). The rigidity of 
nuclei with the decondensed chromatin was further reduced 
to ~5 nN/µm, which was ~10-fold lower than the value at 
5 mM Mg2+ [41]. Notably, the Mg2+-dependent change in 
nuclear rigidity was reversible, as nuclei, which were once 
swollen in 1 mM EDTA and then exposed to 5 mM Mg2+ 
buffer, regained their initial rigidity [41].

Consistent with this mechanical reversibility, SDS-PAGE 

Figure 3 Quantifying nuclear mechanical response. (A) Microneedle-based setup used for examining the mechanical responses of nuclei.  
(B) Bright field images of a nucleus isolated from HeLa cells and deformed by using a pair of microneedles. The upper microneedle was moved 
upward to stretch the nucleus, resulting in an application of stretching force (F) whose magnitude could be estimated based on the bent of the 
force-calibrated microneedle tip (∆x; stiffness; kf) from its equilibrium (marked as ×). Dotted lines show changes in positions of the microneedle 
tips, which were used to estimate the extent of nuclear deformation (D2 – D1). Scale bar, 5 µm. (C) Force-deformation plots obtained at Mg2+ levels 
of 5 mM (n = 19). Data from individual nuclei (gray lines) were pooled for 0.5 μm bins and averaged (bars represent SD). The slope is 63.1 (red solid 
line; R2 > 0.97). The red broken line shows the region of predominant viscous deformation (slope: 14.5). The observed two-phase response might 
be related to those observed by Stephan et al. [54]. The illustration and data were reproduced from [41] with modifications.
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cells. This was verified by inserting very thin microneedle 
tips (<1 µm diameter) into the living cell’s interior and cap-
turing the single nucleus in situ, without perturbing the 
overall physiology of the cell. The measured rigidity of the 
nuclei was approximately linear over a range of deforma-
tions (several µm range) with a stiffness value of ~25 nN/µm 
[41]. Furthermore, treatment of cells with TSA resulted in a 
marked decrease of the nuclear rigidity (~10 nN/µm), as 
observed in vitro [41]. Notably, the rigidities of the cell 
 cortex and cytoplasm were relatively small (~5 nN/µm), as 
measured by inserting the probe tips into the cell’s interior 
but outside the nucleus [41].

chromatin, such as those treated with histone de acetylase 
 inhibitor or with HaeIII, was not decreased further when 
the Mg2+ concentration was reduced (~15–20 nN/µm at 
1 mM Mg2+) [41]. We suggest that this residual “baseline” 
rigidity is derived from lamin-based structures underlying 
the nuclear envelope [11,12,53,54]. As these biochemical 
perturbations of chromatin showed little effect on nuclear 
com position, the nucleosome-nucleosome interactions via 
histone tails play a major role in regulating the nuclear 
 mechanical response (Fig. 4).

The mechanical properties of the isolated nuclei appeared 
to have the conserved characteristics of the nuclei in living 

Figure 4 Model for the nuclear mechanical response. (Left panels) Possible chromatin folding architecture within a nucleus. DNA (dark blue) 
is wrapped around core histones (light blue), forming compacted domains at high Mg2+ levels (A). Histone tail acetylation weakens the nucleosome- 
nucleosome interaction and induces chromatin decompaction (B). Linker DNA digestion leads to disassembly of chromatin domains (C). (Middle 
panels) Molecular views of the nucleosomes. Nucleosomes are packed at high Mg2+ levels and provide spring-like elasticity (A). Histone tail acetyla-
tion (Ac) weakens the internucleosomal interaction, resulting in a smaller restoring force (B). Linker DNA digestion disrupts the connection 
between nucleosomes, and no restoring force is generated (C). (Right panels) Model of nuclear mechanics, which is composed of two parallel units: 
an elastic spring attributable to the nuclear envelope (κNE), and a series connection of a spring and a viscous dashpot attributable to chromatin (κCh 
and γCh, respectively) (A). Histone tail acetylation lowers the stiffness of κCh (B). Linker DNA digestion leads to its complete loss (C). Neither of 
these perturbations alters κNE, which can be linked to lamin-based structures underlying the nuclear envelope [11,12,53,54]. The illustrations were 
reproduced from [41] with modifications.
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extended form [40], the condensed chromatin domains might 
have an evolutionary advantage in maintaining genomic 
DNA integrity as a nongenetic function, which has not been 
well- studied or well-appreciated.

Irregular folding of chromatin [17,21,23,57–60] can also 
contribute to mitotic chromosomal integrity. Indeed, isolated 
mitotic chromosomes behave like interphase chromatin in 
the presence and absence of salt. Without Mg2+, the chromo-
somes are highly swollen and the chromosomal fibers are 
stretched into 10 nm-like fibers, whereas in the presence of 
Mg2+, the chromosomes are highly condensed [57,61–63]. 
Consistent with findings of interphase nuclei described in 
this paper, the mechanical rigidity of isolated mitotic chro-
mosomes is highly sensitive to nuclease treatment [64] and 
salt concentrations [65]. Notably, a recent study reported 
that levels of free Mg2+ increased during mitosis [43]. This  
is especially advantageous for chromosome segregation 
and transmission processes in mitosis, during which chro-
mosomes are subjected to significant pulling and shearing 
stresses on the order of nN [43,66].

Conclusions
We highlighted several recent studies indicating that highly 

condensed chromatin provides mechanical elasticity to the 
nucleus. Chromatin functions as not only a “memory device” 
to store, replicate, and express the genetic information for 
various cellular functions, but also as a “nuclear spring” to 
resist and respond to mechanical force.
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