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Background: The nucleus, besides its functions in the gene maintenance and regulation, plays a significant role in
the cell mechanosensitivity and mechanotransduction. It is the largest cellular organelle that is often considered as
the stiffest cell part as well. Interestingly, the previous studies have revealed that the nucleus might be dispensable
for some of the cell properties, like polarization and 1D and 2D migration. Here, we studied how the nanomechanical
properties of cells, as measured using nanomechanical mapping by atomic force microscopy (AFM), were affected by

the removal of the nucleus.

Methods: The mass enucleation procedure was employed to obtain cytoplasts (enucleated cells) and nucleoplasts
(nuclei surrounded by plasma membrane) of two cell lines, REF52 fibroblasts and HT1080 fibrosarcoma cells. High-
resolution viscoelastic mapping by AFM was performed to compare the mechanical properties of normal cells, cyto-
plasts, and nucleoplast. The absence or presence of the nucleus was confirmed with fluorescence microscopy, and
the actin cytoskeleton structure was assessed with confocal microscopy.

Results: Surprisingly, we did not find the softening of cytoplasts relative to normal cells, and even some degree of
stiffening was discovered. Nucleoplasts, as well as the nuclei isolated from cells using a detergent, were substantially

softer than both the cytoplasts and normal cells.

Conclusions: The cell can maintain its mechanical properties without the nucleus. Together, the obtained data
indicate the dominating role of the actomyosin cytoskeleton over the nucleus in the cell mechanics at small deforma-

tions inflicted by AFM.
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Introduction

The nucleus is the largest cellular organelle whose main
well-known functions include DNA replication and
gene regulation. At the same time, the nucleus continu-
ally resists and responds to external and intercellular
mechanical forces and plays a significant role in mecha-
nosensitivity and mechanotransduction [1-4]. A proper
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genome organization and expression are dependent on
the nuclear mechanics, and its alterations are associated
with many human diseases, including progeria, muscular
dystrophies, and cancer [5-8].

The nanomechanical properties of the nucleus were
analyzed in a number of previous studies. While quite
often the nucleus is considered to be the stiffest organelle
in the cell [1, 9-12], other studies have shown that the
nucleus is relatively soft, at least softer than the cytoskel-
etal structures [6, 13—15]. The recent studies have estab-
lished that the mechanical behavior of the nucleus is
quite complex, and different properties are expected in
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different deformation ranges and modes [3, 16, 17]. The
mechanical properties of the nucleus were shown to be
determined by chromatin at low deformations, and by
lamina (a meshwork of intermediate filaments under
the nuclear envelope) at high deformations [16, 17]. Fur-
thermore, inside the cell, its mechanical properties are
modulated by interactions with the cytoskeleton [13, 18,
19] and the active transport imbalance across the nuclear
envelope [20]. The nuclear mechanics is cell-type-specific
[21, 22] and significantly evolves during many normal
processes such as differentiation and aging, and under
pathological conditions [6, 12].

To better understand the role of the nucleus in different
processes, a cellular enucleation approach has been used
to explore different cellular properties in the absence of
the nucleus [23-25]. Surprisingly, the studies have dis-
covered that the nucleus might be dispensable for many
cellular activities, like polarization and migration in 1D
and 2D [26, 27]. However, the nucleus was required for
the proper cell mechanical responses and 3D migra-
tion. How the mechanical properties of the cell itself are
affected by the absence of the nucleus has not been inves-
tigated yet. Here, we utilized the enucleation approach
to assess the mechanical properties of enucleated cells
(cytoplasts), and also to compare them with the proper-
ties of isolated nuclei (nucleoplasts) obtained by the same
and other techniques. Two cell lines, REF52 rat fibro-
blasts and HT1080 human fibrosarcoma cells, were used
for such a comparison.

Material and methods

Cell cultures and enucleation

Two cell lines were used in the study, REF52 rat fibro-
blasts and HT1080 human fibrosarcoma cells. The cells
were cultured in the DMEM medium supplemented with
1 x GlutaMax, 15 mM HEPES, 10% FBS and 1% antibi-
otic/antimycotic solution (all by Thermo Fisher, USA) in
a humidified 5% CO, atmosphere at 37 °C.

Enucleation was performed by the previously
described approach [23-25] with some modifications
(Fig. 1). Small pieces of culture plastic (plastic slides)
with an approximate size of 8 x 20 mm were cut from
standard cell culture Petri dishes (Corning, USA). The
plastic slides were sterilized by incubation in 95% eth-
anol and exposed to a germicidal UV lamp (Microcide,
Electronic Medicine, Russia) for 10 min, then coated
with a 10 ug/mL fibronectin (Sigma, USA) solution for
20 min. Cells growing as monolayers on plastic slides
were inserted in 1.5 mL Eppendorf tubes filled with
2 uM of Cytochalasin D (CytD) (Sigma, USA) in the
cell medium. After 15 min of pre-incubation at 37 °C,
the cells were centrifuged at 13,400 rpm (12,000 g) in
a MiniSpin microcentrifuge (Eppendorf, Germany) for
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9 to 25 min (longer duration needed for REF52 cells).
After centrifugation, the cells on the plastic slides
were washed with PBS, trypsinized, and reseeded on
fibronectin-coated glass-bottom cell culture dishes
(WillCo Wells B.V.,, Amsterdam, Netherlands). After
3 to 5 h, the cells (including cytoplasts) were fully
spread and recovered from the effects of CytD. The
medium was exchanged for the fresh one before the
AFM experiment. The pellet containing nucleoplasts
was resuspended in HBSS (Hanks balanced salt solu-
tion, Thermo Fischer, USA) and placed on poly-L-
lysine-coated glass-bottom dishes. After 15 min of
incubation, unattached nucleoplasts were removed by
washing with HBSS.

The nuclei were also isolated using a detergent-based
approach. Briefly, the cells were transferred to suspen-
sion by trypsinization, centrifuged and resuspended in
a 0.1% Triton X-100 detergent (Thermo Fischer, USA)
solution in HBSS, mildly pipetted and centrifuged for
10 s at 12,000 g. The detergent treatment was performed
twice, on ice with ice-cold solutions to minimize the
nuclei’s damage and degradation due to cellular pro-
teases. Then the pellet was resuspended in HBSS and
a small amount of the solution was transferred to poly-
L-lysine-coated glass-bottom dishes for AFM experi-
ments. After 15 min of incubation, the unattached
nuclei were removed by washing with HBSS.

Atomic force microscopy

All AFM measurements were performed using a Bio-
scope Resolve AFM (Bruker, Santa Barbara, USA)
mounted on an Axio Observer inverted fluorescent
microscope (Carl Zeiss, Germany). The microscope
was equipped with a heated stage, and the sample tem-
perature was kept constant at 37 °C during the experi-
ments with cells. PeakForce QNM-Live Cell probes
(PFQNM-LC-A-CAL, Bruker AFM Probes, Camarillo,
CA, USA), short paddle-shaped cantilevers with a pre-
calibrated spring constant (values were in the range of
0.06-0.08 N/m) were used. The cantilever deflection
sensitivity (nm/V) was calibrated from the thermal
spectrum directly in the dish with a sample using the
pre-calibrated value of the spring constant [28]. The
nanomechanical and topography maps were acquired
in the fast force volume (FFV) mode with a map size
from 40 x40 to 100 x 100 um and from 32 x 32 to
128 x 128 point-measurements. The force curves (F-Z
curves) had a vertical ramp distance of 3 um, a vertical
piezo speed of 183 um/s, and the trigger force of 0.5-1
nN. The topography and local height were calculated
from the force curves by the contact point position ver-
sus contact position over the substrate, the global tilt
correction was performed if needed.



Efremov et al. J Nanobiotechnol (2020) 18:134

The numerical processing of the F-Z curves was done
using MATLAB scripts (The MathWorks, Natick, MA)
developed in the previous works [29, 30] with the utili-
zation of the Ting’s model [31]:
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where F is the force acting on the cantilever tip; § is the
indentation depth; ¢ is the time initiated at the contact; ¢,
is the duration of the approach phase; #; is the auxiliary
function determined by Eq. 2; £ is the dummy time vari-
able required for the integration; v is the Poisson’s ratio of
the sample (assumed to be time-independent and equal
to 0.5); R is the radius of the indenter; fgrc(8) is the bot-
tom-effect correction factor [32]; and E(¢) is the Young’s
relaxation modulus for the selected rheology model.
Here we used the power-law rheology (PLR) model (also
known as a springpot in parallel with a dashpot) [33, 34]:
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E(t) = E1it™* 4+ nép(t), (3)

where Ej is the relaxation modulus at t=1 s (scale
factor of the relaxation modulus); « is the power-law
exponent; 7 is the Newtonian viscous term (with Pa*s
units); and §p(¢) is the Dirac delta function. A larger
a value means a larger amount of relaxation; materi-
als exhibit a solid-like behavior at @ = 0, and a fluid-
like behavior at « = 1. The PLR model described by
Eq. [3] was successfully used for the description of cell
mechanics in several previous studies [33, 35-37]. The
Young’s modulus with the assumptions of the Hertz’s
theory, YM (“apparent” elastic modulus), was also cal-
culated from the approach part of the force curves [38].

We used the top 50% of each cell data set over a cell
to define the nuclear part, and the lower areas were dis-
carded in the analysis, since their local properties were
highly affected by the high F-actin concentration at the
periphery. The same part of the dataset was used for
the nucleoplasts and isolated nuclei as well, to exclude
the peripheral regions where the data can potentially be
affected by the local tilt of the hemispherical sample.
From the datasets, we used the mean geometric values

a pre-treatment with CytD
cells on centrifugation
plastic slides

—

Fig. 1 The scheme of the enucleation protocol. a Cells growing on plastic slides were inserted in 1.5 mL Eppendorf tubes filled with the cell

cytoplasts and cells with retained nucleus

T NN

nucleoplasts

medium and pre-treated with CytD for 15 min. After the centrifugation, the remaining cells and cytoplasts were reseeded from the plastic slides to
fibronectin-coated Petri dishes, and AFM experiments were performed 3 to 5 h after. The pellet containing nucleoplasts was resuspended in HBSS
and placed on poly-L-lysine-coated dishes for further experiments. b A sample of REF52 enucleated cells contained both cells without the nucleus
(enucleated cells, cytoplasts) and cells with the retained nucleus. The cell-permeable DNA dye (cyan) was used to distinguish cytoplasts from
normal cells. € Nucleoplasts. DNA staining was used to distinguish nucleoplasts from the cell debris. Scale bars are 50 um
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of YM and Ej, and mean arithmetic values of @ and 7 for
the further comparison between the samples [36]. In
the text, the data are presented as mean £ SD. All the
statistical analyses were performed using the MATLAB
software (MathWorks, USA). A non-parametric Mann—
Whitney U test was used to determine the statistically
significant differences between the groups. The change
in the parameters was calculated as that relative to the
median value. The percentiles in the box-and-whisker
plots are 10%, 25%, 50%, 75%, and 90%, the dots corre-
spond to each value of the set.

Fluorescent and confocal microscopy

The nuclei in the prepared AFM samples were stained
with Hoechst 33342 dye (2 pg/mL) to detect enucle-
ated cells or to distinguish the nucleoplasts and iso-
lated nuclei from the cell debris. Phase-contrast and
fluorescent images were recorded with 10x/0.3 or
20x/0.4 objectives using the ZEN software (Carl Zeiss,
Germany) of the Axio Observer inverted fluorescent
microscope.

For the confocal microscopy studies, the samples
were fixed in a 4% formaldehyde solution in PBS for
10 min, permeabilized with 0.1% Triton X-100 for
10 min, blocked with 1% bovine serum albumin for
10 min and stained with Alexa Fluor 488 phalloidin
(Life Technologies, USA). The samples were washed
with PBS and mounted with the ProLong Gold anti-
fade reagent (Invitrogen, USA). Fluorescent images
(Z-stacks) were acquired using an LSM 880 confocal
laser scanning microscope equipped with an AiryScan
module and a GaAsP detector (Carl Zeiss, Germany)
with a Plan-Apochromat 63x/1.4 N.A. oil immersion
objective.

Results

To obtain cytoplasts and nucleoplasts, the enucleation
protocol was adapted from the earlier studies [23-25].
The nuclei were removed from the cells with disrupted
actin cytoskeleton by centrifugal forces. The proto-
col parameters (centrifugation time) were adjusted to
achieve the enucleation efficiency around 50%. Notably,
HT1080 cells with the less-developed actin cytoskele-
ton and lower stiffness, which agrees with their tumor
origin [39], required milder conditions to achieve the
same enucleation efficiency as that for REF52 fibro-
blasts. In this way, the resulted sample had both cyto-
plasts and cells with the retained nucleus, which served
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as an internal control (Figs. 1, 2). The presence or
absence of the nucleus was confirmed both morpho-
logically and by staining DNA with the Hoechst 33342
cell-permeant dye. The cells with the retained nucleus
had similar morphology and mechanical properties
(Fig. 3) as those for normal cells, proving that the enu-
cleation procedure itself did not inflict a substantial
cell damage, and that a complete cytoskeleton recovery
also occurred after the procedure. The enucleated cells,
as previously shown [26], were smaller and showed a
substantial (by ~50%) height decrease (REF52: 3+1 vs
4541 um; HT1080: 4+1 vs 7£2 pum) as measured
from the AFM force maps (Figs. 2, 3).

Enucleation did not lead to a cell’s softening, as would
be expected from the removal of the large stiff com-
partment (Fig. 3). Instead, a significant increase in the
apparent YM was observed (REF52: 9+ 5 vs 6 =4 kPa;
HT1080: 5+3 vs 3.6+t 1.7 kPa). This increase, appar-
ently, was not associated with the decrease in the cell
height, since the bottom-effect correction was applied
in the applied mechanical model [30]. Cytoplasts had
a higher variability in the measured modulus, prob-
ably due to incomplete actin cytoskeleton recovery in
some of them. The scale factor of the power-law rheol-
ogy model E; followed the same trend as the YM did
(REF52: 2.5+1.8 vs 1.8 +1.4 kPa; HT1080: 2.0+t 1.5 vs
1.4+ 0.8 kPa), while the power-law exponent « did not
change significantly (REF52: 0.23+0.1 vs 0.21+0.1;
HT1080: 0.194+0.1 vs 0.18 £0.1), and the apparent vis-
cosity n demonstrated an increase (REF52: 1.44+0.4 vs
1.1£0.3 Pa*s; HT1080: 1.1+£0.2 vs 0.9+ 0.1 Pa*s) in
enucleated cells. The last parameter indicates a stronger
dissipative behavior in the absence of the nucleus. The
actin cytoskeleton structure was checked with confocal
microscopy on fixed samples and did not reveal sub-
stantial differences between cytoplasts and cells with
the retained nucleus (Fig. 4). Surprisingly, at least in
some of enucleated REF52 fibroblasts, the apical stress
fibers similar to the perinuclear actin cap were found
(Fig. 4b).

The nucleoplast fraction that remained in the pel-
let after the enucleation procedure presents the nuclei
surrounded by a small amount of the associated cyto-
plasm and covered by the plasma membrane. The Hoe-
chst staining was used to distinguish nucleoplasts from
the cellular debris. Nucleoplasts were much higher than
the corresponding cells (REF52: 12+2 vs 4.5+1 pm;
HT1080: 11+2 vs 7+2 pum) and were substantially
softer than cells or cytoplasts for both cell types (the
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YM of REF52: 1.6+ 1.1 vs 6 =4 kPa; the YM of HT1080:
0.7 £0.6 vs 3.6+ 1.7 kPa), although the differences in the
viscoelastic parameters did not show clear trends (Fig. 5).
To check if the nucleus isolation protocol affects the
measured properties, the nuclei were also isolated from
cells using a detergent and mild pipetting at low tempera-
tures. For HT1080 cells, the nuclei obtained by both iso-
lation protocols had similar mechanical properties. But
for REF52 fibroblasts, nucleoplasts were substantially
stiffer than the nuclei obtained by the detergent method.
Such a finding could be associated with some stiff resid-
ual F-actin in nucleoplasts, although some F-actin was
found in the detergent-isolated nuclei as well (Fig. 6). A
chromatin damage in the isolated nuclei cannot be com-
pletely excluded as well. To check if the chromatin plays
a role in the measured mechanical properties, we com-
pared the detergent-isolated nuclei with and without
Hoechst staining. In the latter case, the measured YM
was indeed slightly higher, although not significantly.
The stiffening effect of the Hoechst staining was also
observed in a previous study [17]. High-resolution force
mapping revealed the presence of some stiffer structures
inside the nuclei/nucleoplasts which could be associated
with the areas of condensed chromatin or with the nucle-
oli [40] (Additional file 1. Fig. S1).

Discussion

Although the nucleus is often considered as the stiffest
cellular organelle, it might not be true for every situation.
As was shown in the recent studies, the nuclear mechan-
ics depends on the level of involved deformations [3,
16, 17]. At small deformations, the chromatin structure
dominates the mechanical behavior. At large deforma-
tions, the lamina, located beneath the nuclear envelope,
starts to play a more significant role. That is consist-
ent with the observations of the current study, in which
AFM inflicts only small deformations on the nucleus.
Apparently, chromatin cannot provide the same high
level of stiffness as the cortical actomyosin cytoskeleton
is providing. However, the euchromatin/heterochromatin
level was shown to modulate the nuclear stiftness, with
increased heterochromatin leading to stiffening [15, 41];
and mutations in the lamina did not affect the global cell
mechanical properties when measured by AFM [6].

The nanomechanical mapping performed here and
by other groups [6, 41-43] has shown that the nuclear
region is not stiffer than the other cell regions (Fig. 2).
Moreover, the isolated nuclei appear softer than cells or

Page 5 of 11

cytoplasts when measured by routine AFM indentations
in the low force/deformation mode. The lower-than-
cytoskeleton nuclear stiffness was shown previously
using a special needle-like AFM probe that penetrated
the cell membrane and then deformed the nucleus
directly [13]. However, a high stiffness might be observed
at large deformations due to the lamina properties. Large
deformations might be especially important for specific
tissue types (e.g. muscular) and cells during 3D migration
through narrow pores [44].

In a living cell, the nuclear shape and properties are
also greatly modulated by the surrounding cytoskeleton
[4, 45-47], and the reciprocal modulation might be
also expected. The nucleus is compressed by the actin
cytoskeleton, as might be seen for the low cell height
in comparison with the isolated nucleus (Figs. 3 and 5).
One of the theories explaining the origin of the cellu-
lar stiffness, the tensegrity model, describes the whole
cellular structure as the pre-stressed scaffold, where
the tensional forces originate from the actomyosin
cytoskeleton and the compressional forces are exerted
on the nucleus, microtubules, and other intracellular
elements [19, 48]. It is hard to predict how the removal
of such a large element as the nucleus will affect the
balance of forces. The experiments conducted here,
however, demonstrate that the cytoplast stiffness is
actually increased in comparison with the normal cell,
meaning that the cytoskeleton tension is redistributed
on the remaining cellular structures (Fig. 3).

The actin cytoskeleton structure itself might be
dependent on the direct linkage with the nucleus, such
as that through the linker of nucleoskeleton-to-cytoskel-
eton (LINC) complexes [45, 49]. Mutations in the named
complex often cause manifestation in the cytoskeleton
appearance, and the presence of the special type of actin
stress fibers, perinuclear actin cap, was shown to depend
on the functional LINC complexes [47]. A disruption of
such complexes had led to the disappearance of the actin
cap, which was shown to be associated with the high cel-
lular stiffness [50, 51]. Interestingly, here we discovered
the arc-shaped stress fibers located in the same apical
region where the perinuclear actin cap fibers might be
located. The exact nature of these stress fibers was not
established in the current study. Nevertheless, a signifi-
cant disruption in the actin cytoskeleton would cause a
decrease in the stiffness, while the opposite trend was
observed here, indicating that the overall actin cytoskel-
eton structure was not adversely affected by the absence
of the nucleus.
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700

Fig. 2 Examples of nanomechanical maps acquired over REF52 (a) and HT1080 (b) cells after the enucleation: the topography (z), apparent YM,
and viscoelastic parameters (£}, a, ). A cytoplast and a cell with the retained nucleus are presented on the same map. The phase-contrast image is
aligned with the fluorescence of the DNA stain (cyan). Cytoplasts have a lower height as seen on the topography (Z) and a higher stiffness (YM and
Ey), while other viscoelastic parameters (e, n) differ less. Scale bars are 20 um on the optical images and 10 um on the AFM maps
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Fig. 3 The height, apparent YM, and viscoelastic parameters (£, &, 1) of REF52 and HT1080 control cells, cells with the retained nucleus, and
cytoplasts. Cytoplasts had a lower height, a higher stiffness (YM and £4), and a higher apparent viscosity (i), while the control cells and cells with the
retained nucleus had similar properties
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4.3 um

Fig. 4 The actin cytoskeleton of the cells with the retained nucleus (a, €) and cytoplasts (b, d) of REF52 (a, b) and HT1080 (¢, d) cells after the
enucleation. Color-coded z-projections of the F-actin staining and reconstructed vertical cross-sections along the marked lines over cells and
cytoplasts (green for F-actin, cyan for nucleus staining) are shown. Apical stress fibers that are going over the nucleus (over the nucleus-free
cytoplasm in cytoplasts) could be identified in REF52 fibroblasts (b). Scale bars are 10 um for the z-projections; 5 um in the horizontal direction and

2 um in the vertical direction for the cross-sections
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Fig.5 The height, apparent YM, and viscoelastic parameters (£, &, ) of REF52 and HT1080 nucleoplasts and nuclei isolated with a detergent

To conclude, we have shown that the cell can main-
tain its mechanical properties without the nucleus, at
least at small deformations. Thus, the maintenance of
the mechanical properties may be added to the list of
the other functions weakly affected by the absence of
the nucleus, like 1D and 2D migration. Nucleoplasts and
the isolated nuclei were shown to be relatively soft in the
same small deformation mode.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512951-020-00696-1.

Additional file 1: Figure S1. Examples of nanomechanical maps acquired
over REF52 (a) and HT1080 (b) nucleoplasts: the topography (z), apparent
YM, and viscoelastic parameters (E1, &, 7).
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REF52 nucleoplast

HT1080 nucleoplast

Fig. 6 REF52 and HT1080 nucleoplasts and nuclei isolated with a detergent (TX). Z-sections over the middle plane and reconstructed vertical
cross-sections along the nucleus center are shown, F-actin (green) and DNA staining (blue). Scale bars are 5 um for the z-sections; 5 um in the
horizontal direction and 5 um in the vertical direction for the cross-sections

REF52 nucleus (TX)J|HT1080 nucleus (TX)

Acknowledgements
Not Applicable

Authors’ contributions

YM.E. and PS.T. initiated the project and designed the experiments. Y.M.E.
prepared the samples. YM.E. and A AA. performed the AFM experiments.
Y.M.E. performed the fluorescence microscopy and the confocal microscopy
experiments. YM.E, S.LK, and PS.T. conducted the data analysis. Y.M.E.

and S.LK. wrote the manuscript. All authors read and approved the final
manuscript.

Funding
This work was supported by the Russian academic excellence project “5-100"

(confocal microscopy), by the Russian Science Foundation under the grant No.

19-79-00354 (AFM data processing), and by the grant of the President of the
Russian Federation for young scientists MK-1613.2020.7 (data analysis).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
Not Applicable.

Consent for publication
Not Applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Institute for Regenerative Medicine, Sechenov University, 8 Trubetskaya
St, Moscow 119991, Russia. 2 N.N. Semenov Institute of Chemical Physics,

4 Kosygin St, Moscow 119991, Russia.  Institute of Photon Technologies

of Federal Scientific Research Centre “Crystallography and Photonics” of Rus-
sian Academy of Sciences, Pionerskaya 2, Troitsk, Moscow 108840, Russia.

# Chemistry Department, Lomonosov Moscow State University, Leninskiye
Gory 1-3, Moscow 119991, Russia.

Received: 21 July 2020 Accepted: 9 September 2020
Published online: 17 September 2020

References

1. Dahl KN, Ribeiro AJS, Lammerding J. Nuclear shape, mechanics, and mecha-
notransduction. Circ Res. 2008;102:1307-18.

2. Martins R, Finan J, Guilak F, Lee D. Mechanical regulation of nuclear structure
and function. Annu. Rev. 2012;14:431-55.

3. Stephens AD, Banigan EJ, Marko JF. Chromatin's physical properties shape
the nucleus and its functions. Curr Opin Cell Biol. 2019;58:76-84.

4. LeleTP, Dickinson RB, Gundersen GG. Mechanical principles of nuclear shap-
ing and positioning. J Cell Biol. 2018;217:3330-42.

5. Lombardi ML, Lammerding J. Altered mechanical properties of the nucleus
in disease. Methods Cell Biol. 2010,98:121-41.

6. ApteK, Stick R, Radmacher M. Mechanics in human fibroblasts and progeria:
Lamin A mutation E145K results in stiffening of nuclei. J Mol Recognit.
2017,30:1-11.

7. Broers JLV, et al. Decreased mechanical stiffness in LMNA-/- cells is caused
by defective nucleo-cytoskeletal integrity: Implications for the development
of laminopathies. Hum Mol Genet. 2004;13:2567-80.

8. Krause M, te Riet J, Wolf K. Probing the compressibility of tumor cell nuclei
by combined atomic force—confocal microscopy. Phys Biol. 2013;10:065002.

9. Caille N, Thoumine O, Tardy Y, Meister JJ. Contribution of the nucleus tothe
mechanical properties of endothelial cells. J Biomech. 2002;35:177-87.

10. LiuH, et al. In situ mechanical characterization of the cell nucleus by atomic
force microscopy. ACS Nano. 2014;8:3821-8.

11. Guilak F, Tedrow JR, Burgkart R. Viscoelastic properties of the cell nucleus.
Biochem Biophys Res Commun. 2000,269:781-6.

12.  Pajerowski JD, Dahl KN, Zhong FL, Sammak PJ, Discher DE. Physical plastic-
ity of the nucleus in stem cell differentiation. Proc Natl Acad Sci U S A.
2007;104:15619-24.

13. Wang X, et al. Mechanical stability of the cell nucleus—roles played by
the cytoskeleton in nuclear deformation and strain recovery. J. Cell Sci.
2018;131:jcs209627.

14. Reynolds NH, et al. On the role of the actin cytoskeleton and nucleus in the
biomechanical response of spread cells. Biomaterials. 2014;35:4015-25.

15. SugitateT, Kihara T, Liu X-Y, Miyake J. Mechanical role of the nucleus in a cell
in terms of elastic modulus. Curr Appl Phys. 2009,9:e291-€293293.




Efremov et al. J Nanobiotechnol

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

(2020) 18:134

Hobson CM, et al. Correlating nuclear morphology and external force with
combined atomic force microscopy and light sheet imaging separates roles
of chromatin and lamin A/C in nuclear mechanics. bioRxiv. 2020;116:1328.
Stephens AD, Banigan EJ, Adam SA, Goldman RD, Marko JF. Chromatin and
lamin A determine two different mechanical response regimes of the cell
nucleus. Mol Biol Cell. 2017;28:1984-96.

Tremblay D, Andrzejewski L, Leclerc A, Pelling AE. Actin and microtubules
play distinct roles in governing the anisotropic deformation of cell nucleiin
response to substrate strain. Cytoskeleton. 2013;70:837-48.

Houben F, Ramaekers FCS, Snoeckx LHEH, Broers JLV. Role of nuclear lamina-
cytoskeleton interactions in the maintenance of cellular strength. Biochim
Biophys Acta Mol Cell Res. 2007;1773:675-86.

ShahinV, Kouzel IU, Rosso G, Liashkovich I. Nuclear envelope permeability
barrier as a fast-response intracellular mechanostat. Adv Sci. 2019;6:1900709.
Rosso G, Liashkovich |, Shahin V. In situ investigation of interrelationships
between morphology and biomechanics of endothelial and glial cells and
their nuclei. Adv Sci. 2019,6:1801638.

Swift J, et al. Nuclear lamin-A scales with tissue stiffness and enhances
matrix-directed differentiation. Science. 2013;341:1240104-1240104.
Yamamoto D, Coimbra VC, Okuda K, Rabinovitch M. Enucleated L929 mouse
fibroblasts support invasion and multiplication of Shigella flexneri 5a. Brazil-
ian J Med Biol Res. 2006;39:749-58.

Prescott DM, Kirkpatrick JB. Mass enucleation of cultured animal cells. Meth-
ods Cell Biol. 1974;7:189-202.

Crenshaw AH, Shay JW, Murrell LR. Mass enucleation of tissue culture cell
monolayers. J Tissue Cult Methods. 1980;6:127-30.

Graham DM, et al. Enucleated cells reveal differential roles of the

nucleus in cell migration, polarity, and mechanotransduction. J Cell Biol.
2018;217:895-914.

Goldman RD, Pollack R, Hopkins NH. Preservation of normal behavior by
enucleated cells in culture. Proc Natl Acad Sci U S A. 1973;70:750-4.
Schillers H, et al. Standardized nanomechanical atomic force microscopy
procedure (SNAP) for measuring soft and biological samples. Sci Rep.
2017;7:5117.

Efremov YM, Wang W-H, Hardy SD, Geahlen RL, Raman A. Measuring
nanoscale viscoelastic parameters of cells directly from AFM force-displace-
ment curves. Sci Rep. 2017,7:1541.

Efremov YM, Shpichka Al, Kotova SL, Timashev PS. Viscoelastic mapping

of cells based on fast force volume and PeakForce Tapping. Soft Matter.
2019;15:5455-63.

Ting TCT. The contact stresses between a rigid indenter and a viscoelastic
half-space. J Appl Mech. 1966;33:845-54.

Garcia PD, Garcia R. Determination of the viscoelastic properties of a

single cell cultured on a rigid support by force microscopy. Nanoscale.
2018;10:19799-809.

Alcaraz J, et al. Microrheology of human lung epithelial cells measured by
atomic force microscopy. Biophys J. 2003;84:2071-9.

34.

35.

36.

37.

38.

39.

40.

Page 11 of 11

Kollmannsberger P, Fabry B. Active soft glassy rheology of adherent cells.
Soft Matter. 2009,5:1771-4.

Rother J, N6ding H, Mey |, Janshoff A. Atomic force microscopy-based
microrheology reveals significant differences in the viscoelastic response
between malign and benign cell lines. Open Biol. 2014;4:140046.

Hiratsuka S, et al. The number distribution of complex shear modulus

of single cells measured by atomic force microscopy. Ultramicroscopy.
2009;109:937-41.

Efremov YM, Okajima T, Raman A. Measuring viscoelasticity of soft biological
samples using atomic force microscopy. Soft Matter. 2020;16:64-81.
Efremov YM, et al. The effects of confluency on cell mechanical properties. J
Biomech. 2013;46:1081-7.

Efremov YM, et al. Mechanical properties of fibroblasts depend on

level of cancer transformation. Biochim Biophys Acta Mole Cell Res.
2014;1843:1013-9.

Guerrero CR, Garcia PD, Garcia R. Subsurface imaging of cell organelles by
force microscopy. ACS Nano. 2019;13:9629-37.

41. Vargas-Pinto R, Gong H, Vahabikashi A, Johnson M. The effect of the
endothelial cell cortex on atomic force microscopy measurements. Biophys
J.2013;105:300-9.

42. YamaneY, et al. Quantitative analyses of topography and elasticity of living
and fixed astrocytes. J Electron Microsc (Tokyo). 2000;49:463-71.

43. Hecht FM, et al. Imaging viscoelastic properties of live cells by AFM: power-
law rheology on the nanoscale. Soft Matter. 2015;11:4584-91.

44.  Fried! P, Wolf K, Lammerding J. Nuclear mechanics during cell migration.
Curr Opin Cell Biol. 2011;23:55-64.

45. AnnoT, Sakamoto N, Sato M. Role of nesprin-1 in nuclear deformation in
endothelial cells under static and uniaxial stretching conditions. Biochem
Biophys Res Commun. 2012;424:94-9.

46. Ramdas NM, Shivashankar GV. Cytoskeletal control of nuclear morphology
and chromatin organization. J Mol Biol. 2015;427:695-706.

47. Khatau SB, et al. A perinuclear actin cap regulates nuclear shape. Proc Natl
Acad Sci U S A. 2009;106:19017-22.

48. Ingber DE, Wang N, Stamenovic D. Tensegrity, cellular biophysics, and the
mechanics of living systems. Reports Prog Phys. 2014;77:046603.

49. Kim DH, Wirtz D. Cytoskeletal tension induces the polarized architecture of
the nucleus. Biomaterials. 2015;48:161-72.

50. Efremov YM, et al. Anisotropy vs isotropy in living cell indentation with AFM.
SciRep. 2019,9:5757.

51. MizutaniT, Haga H, Kawabata K. Cellular stiffness response to external defor-
mation: Tensional homeostasis in a single fibroblast. Cell Motil Cytoskeleton.
2004;59:242-8.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Nanomechanical properties of enucleated cells: contribution of the nucleus to the passive cell mechanics
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Material and methods
	Cell cultures and enucleation
	Atomic force microscopy
	Fluorescent and confocal microscopy

	Results
	Discussion
	Acknowledgements
	References




