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Positioning and shaping the nucleus represents a mechanical challenge for the migrating cell because of its large size 
and resistance to deformation. Cells shape and position the nucleus by transmitting forces from the cytoskeleton onto 
the nuclear surface. This force transfer can occur through specialized linkages between the nuclear envelope and the 
cytoskeleton. In response, the nucleus can deform and/or it can move. Nuclear movement will occur when there is a 
net differential in mechanical force across the nucleus, while nuclear deformation will occur when mechanical forces 
overcome the mechanical resistance of the various structures that comprise the nucleus. In this perspective, we review 
current literature on the sources and magnitude of cellular forces exerted on the nucleus, the nuclear envelope proteins 
involved in transferring cellular forces, and the contribution of different nuclear structural components to the mechanical 
response of the nucleus to these forces.
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Introduction
As the cell migrates, it must position the nucleus to maintain 
polarity and deform the nucleus to pass through narrow spaces 
(Wolf et al., 2013). Positioning and shaping the nucleus represents 
particular challenges because of its large size and resistance to 
deformation and therefore requires transferring active forces 
generated in (or transmitted through) the cytoskeleton onto the 
nucleus. These forces are generated by actin or microtubule po-
lymerization, actomyosin contraction, and/or microtubule motor 
activity to compress, shear, or pull on the nucleus (Gundersen and 
Worman, 2013), and in some cases, they can cause nuclear mem-
brane rupture (Denais et al., 2016; Raab et al., 2016). Cytoskeletal 
forces can act directly on the nucleus or be transmitted to the nu-
cleus by molecular linkages with cytoskeletal elements. In the vast 
majority of the cases, the linker of nucleoskeleton and cytoskele-
ton (LINC) complex establishes the linkage and transmits mechan-
ical force from the cytoskeleton to the nucleus (Luxton and Starr, 
2014; Lee and Burke, 2017; Uhler and Shivashankar, 2017; Kirby 
and Lammerding, 2018). The LINC complex is composed of outer 
nuclear membrane KASH proteins (or nesprins in vertebrates) 
and inner nuclear membrane SUN proteins, which are anchored 
by an interaction with the nuclear lamina (principally lamins A 
and C; Starr and Fridolfsson, 2010; Chang et al., 2015b).

Cytoskeletal forces exerted on the nucleus can broadly elicit two 
responses: the nucleus can deform, and/or it can move. Forces can 
also move intranuclear structures, which we do not consider in this 

perspective (reviewed by Hiraoka and Dernburg, 2009; Starr, 2009; 
Tajik et al., 2016; Katsumata et al., 2017; Burke, 2018). Nuclear move-
ment will occur when there is a net differential in mechanical force 
across the nucleus. Understanding how the nucleus moves requires 
identifying the sources and magnitudes of the competing forces that 
are components of the nuclear force balance as well as how these 
forces change dynamically during processes like cell migration.

The nuclear response to cytoskeletal forces is determined by 
the mechanical properties of structures in the nucleus, which 
include the nuclear lamina, chromatin, the nuclear matrix, nu-
clear bodies, RNA, and proteins. In this perspective, we discuss 
the contribution of different nuclear structural components to 
the mechanical response of the nucleus to mechanical force as 
well as the sources of cellular forces exerted on the nucleus.

Mechanical deformation of the nucleus in response to force
Mechanical measurements of isolated nuclei
The mechanical properties of the nucleus were first measured 
in isolated nuclei aspirated into micropipettes (Fig. 1 A), which 
revealed that the length of an aspirated chondrocyte nucleus 
displayed asymptotic behavior with time (Guilak et al., 2000). 
Under force, a purely elastic solid will instantly reach a new, 
deformed shape, while a purely viscous fluid will continuously 
deform without reaching a steady state. The asymptotic behavior 
of the chondrocyte nucleus suggested that the nucleus behaves 
like a viscoelastic solid, with a steady-state strain reached on the 
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time scale of tens of seconds. Related experiments revealed that 
nuclear deformation under force can have two contributions: 
one from elastic deformation (Dahl et al., 2004), which is revers-
ible (i.e., the nucleus relaxes back to its unstressed shape upon 
removal of the force), and the other from plastic deformation, 
which reflects nonelastic changes in nuclear structure under 
force (Pajerowski et al., 2007).

While providing early understanding of the mechanical prop-
erties of the nucleus, micropipette aspiration can impose poten-
tially nonphysiological large (100–500%; Stephens et al., 2017a) 
and spatially inhomogeneous strains (see text box; Vaziri et al., 
2007) on nuclei. Smaller, physiologically relevant, and homoge-
neous nuclear strains have been achieved by stretching an iso-
lated nucleus by moving a pipette attached to one side while the 
opposite side was attached to a pipette reporting force (Fig. 1 B). 
Under such strains, the nucleus deformed linearly with force and 
purely elastically such that removal of force resulted in complete 
relaxation of the nucleus to the original shape (Stephens et al., 
2017a). Thus, at physiologically relevant strains, the nucleus does 
not appear to undergo plastic deformations reported with micro-
pipette aspiration methods. Differences in these techniques may 
also have resulted in differing conclusions about the contribution 
of chromatin and the nuclear lamina to the mechanical behavior 
of the nucleus, as will be discussed.

The nuclear lamina and chromatin determine nuclear resistance to 
an extensional force
A familiar instance of nuclear deformation is the flattening of the 
nucleus after suspended cells land on a surface and spread. Two 

key mechanical parameters of this process can be understood by 
analogy to a spherical object such as a soccer ball (Fig. 1 C). A 
sphere has the minimum possible surface area to volume ratio, 
and when flattened against a surface, two possibilities (or com-
binations thereof) exist. The sphere can be flattened by reducing 
its volume at constant surface area (e.g., by letting air out of a 
soccer ball), extending its surface area while keeping its volume 
constant (e.g., by stretching the soccer ball), or a combination 
of both processes. Thus, the resistance of the nuclear surface 
(more specifically the nuclear lamina) to extension and the inte-
rior nucleoplasm (chromatin and other subnuclear structures) 
to changes in volume are likely important in determining the 
mechanical behavior of the nucleus during changes in its shape.

Most mechanical models for the nucleus assume that the 
chromatin and the nuclear lamina determine nuclear resis-
tance to deformation under an external force; however, there is 

•Force on the nucleus can pull, push, or shear the nuclear surface. Nuclear 
stress is equal to the local force per unit area of the nuclear surface.

•Nuclear deformation refers to a change in shape or size of the nucleus due 
to a force that acts on it.

•When the nuclear contents flow under applied force, this dissipates me-
chanical energy. If subsequent removal of force does not cause a relaxation 
of the nucleus to its original shape, this is called plastic deformation. If the 
nucleus recovers its initial shape, this is an elastic deformation.

•Nuclear strain is a dimensionless measure of nuclear deformation (some-
times expressed as percent strain). Generally, it is calculated as the change 
in nuclear length divided by the original nuclear length.

•The nuclear spring constant is defined as the applied force divided by the 
resulting change in length of the deformed nucleus.

Figure 1. Methods to measure nuclear 
mechanics and key mechanical parameters 
important for describing nuclear shaping. (A) 
An isolated nucleus is aspirated into a micropi-
pette. The outer boundary of the nucleus rep-
resents the nuclear membrane, while the inner 
boundary represents the nuclear lamina. The 
wrinkles represent folds in the nuclear envelope 
and lamina. (B) The micromanipulation technique 
in which a pipette is attached to one end of the 
isolated nucleus, and a force-measuring pipette 
is attached to the other end. The manipulating 
pipette is translated away (indicated by arrow), 
and force versus nuclear extension is quantified. 
(C) A sphere with minimum surface area to vol-
ume ratio must increase in its area or decrease in 
its volume (or a combination of both) during flat-
tening. The resistance to volume changes and to 
area expansion are natural mechanical parame-
ters relevant in nuclear shaping. (D) Schematic of 
one type of a nuclear compression measurement 
in which a rigid microplate is translated toward 
a flexible microplate, and the flexible microplate 
reports force. (E) During cell spreading, the 
nucleus flattens at constant volume and constant 
area until excess area in the lamina is smoothed 
out. After that, the nucleus can flatten only if the 
area (A) is stretched or if the volume (V) is com-
pressed; the resistance to both changes is high, 
and forces in a typical fibroblast cell are not large 
enough to cause such changes. As a result, the 
nucleus reaches a steady-state shape.
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disagreement on the roles of these components. A micropipette 
aspiration study of large Xenopus laevis oocyte nuclei (Dahl et 
al., 2004) found no difference in the mechanical resistance of 
the nuclear envelope and associated lamina to deformation be-
tween osmotically swollen and unswollen nuclei. As chromatin 
and most of the nucleoplasm separate from the nuclear envelope 
during swelling, this suggests that the nuclear lamina determines 
elastic resistance of the nucleus to an extensional force. Assum-
ing a 2D nuclear lamina, the extensional resistance of the Xeno-
pus oocyte nucleus is then equal to the resistance of the nuclear 
lamina to an area expansion (Dahl et al., 2004). Micropipette 
aspiration experiments in mouse embryonic fibroblasts (MEFs) 
and HeLa cells similarly showed that the nuclear lamina primar-
ily resists initial deformation, and nucleoplasmic contents resist 
only very large deformations (Rowat et al., 2006).

In contrast, the micromanipulation technique shows that for 
isolated nuclei from HeLa cells, human BJ5-ta cells, and vimen-
tin-null MEFs, chromatin, rather than the lamina, elastically 
resists an extensional force below ∼30% strain (Stephens et al., 
2017a). After ∼30% strain, the flexible nuclear lamina becomes 
taut and resists further strain, causing an abrupt increase in the 
nuclear resistance to force such that the nucleus becomes “stiff ” 
to deformation. Experiments with isolated endothelial nuclei or 
cells, or C2C12 mouse cells, compressed between glass micro-
plates (Fig. 1 D) also support that the force-compression curves 
are nonlinear, with the nucleus initially soft and then stiffening 
to compression with increasing deformation (Caille et al., 2002; 
Peeters et al., 2005). Nuclear rigidity in micromanipulation ex-
periments also depends on the state of chromatin histone mod-
ifications (Stephens et al., 2017b). In contrast with the elastic 
behavior of chromatin in micromanipulation experiments, mi-
cropipette aspiration of embryonic stem cell nuclei, which lack 
the principal lamins A/C, caused chromatin to flow, thereby caus-
ing plastic deformations of the nucleus (Pajerowski et al., 2007).

The nuclear lamina is predominantly composed of four lamins: 
lamin A, lamin C lamin B1, and lamin B2. The A-type (lamins A 
and lamin C) and B-type lamins form distinct, nonoverlapping, 
filamentous networks under the inner nuclear membrane (Shimi 
et al., 2015; Xie et al., 2016; Turgay et al., 2017). There is consen-
sus among experimental methods that lamin A/C is a major con-
tributor to resistance. The nucleus softens greatly in the absence 
of lamin A/C as observed in micropipette aspiration experiments 
(Pajerowski et al., 2007; Swift et al., 2013; Davidson et al., 2014), 
in micromanipulation experiments (Stephens et al., 2017a), in di-
rect forcing of nuclei in intact cells with micropipettes (Neelam 
et al., 2015), in stretching of cells attached to flexible membranes 
(Lammerding et al., 2004), in atomic force microscopy measure-
ments (Schäpe et al., 2009), and in cell compression experiments 
(Broers et al., 2004). As lamin A expression scales with stiffness 
of tissues (Raab et al., 2012; Swift et al., 2013), it is likely that nu-
clei in cells from stiff tissues such as muscle and bone will have 
stiffer nuclei than those in softer tissues such as adipose or brain.

In contrast with A-type lamins, B-type lamins do not appear 
to play a major role in nuclear stiffness (Lammerding et al., 2006; 
Stephens et al., 2017a). Rather, nuclear stiffness increased upon 
knockdown of lamin B1 in erythroid precursors and in U251 gli-
oma cells and correlated with the ratio of lamin A to B (Shin et al., 

2013). Lamin B1 may contribute to stiffness in cells that have very 
low levels of lamin A/C. The different lamins may act in mechan-
ically distinct ways to resist deformation, with lamin A providing 
viscous resistance and lamin B1 providing elastic resistance (Shin 
et al., 2013; Swift et al., 2013).

Disease-related mutations in lamin proteins may affect nu-
clear stiffness. Hutchinson-Gilford progeria syndrome is caused 
by a point mutation in LMNA that encodes lamin A/C, result-
ing in the production of abnormally processed lamin A that 
accumulates on the inner nuclear membrane and causes the nu-
cleus to become stiffer (Goldman et al., 2004; Dahl et al., 2006; 
Verstraeten et al., 2008). Other mutations in lamin A/C produce 
nuclear phenotypes consistent with softer nuclei, although there 
is no consistent relationship between nuclear stiffness and type 
of disease. How different mutations in lamins result in differ-
ences in nuclear mechanical properties is unclear.

An important caveat to consider when interpreting studies 
that measure the mechanical properties of the nucleus with 
physical means is that they assume that the physical properties 
of the nucleus do not change in response to the applied force. 
However, isolated nuclei from HeLa cells, MRC5 fibroblasts, and 
human umbilical cord endothelial cells (HUV ECs) rapidly stiffen 
(tens of seconds) in response to forces applied to nesprins on the 
outer nuclear surface (Guilluy et al., 2014). Relaxation of tension 
on the nucleus through myosin inhibition increases lamin A 
phosphorylation and softens the nucleus (Buxboim et al., 2014). 
Therefore, how the nucleus responds to physical forces through 
molecular adaptations is worth considering in studies of the 
physical properties of nuclei.

Compressibility of the nucleus
In addition to extensional stiffness of the nucleus or extensional 
modulus of the nuclear lamina, the resistance to compression of 
the nuclear volume is another important mechanical parameter. 
It is likely that osmotic stresses contribute to the resistance to 
nuclear volume expansion or compression in the cell.

Osmotic properties of the nucleus have been extensively stud-
ied (Finan et al., 2009, 2011; Finan and Guilak, 2010). In isolated 
articular chondrocyte nuclei, only large macromolecules that 
cannot passively leave or enter the nucleus contribute to osmotic 
stresses (Finan et al., 2009). Solutes smaller than the nuclear 
pore opening pass freely through the pore and therefore do not 
exert an osmotic stress. Thus, the size exclusion behavior of the 
nuclear membrane and nuclear pores, rather than semiperme-
ability to water, may determine osmotic stresses in the nucleus. 
When the cell volume is osmotically changed by varying solute 
concentrations in the media, the nuclear volume changes propor-
tionately to cell volume (Finan and Guilak, 2010; Guo et al., 2017); 
this is consistent with free flow of water and small solutes across 
the nuclear pore complexes while equilibrating the osmotic 
stress generated by larger impermeable molecules. These find-
ings are supported by parallel changes in cell and nuclear volume 
after trypsinization of MEFs (Kim et al., 2016) and a correlation 
of nuclear size with cell size in yeast (Jorgensen et al., 2007; 
Neumann and Nurse, 2007). Overall, nuclear volume changes 
may be secondary effects of cell volume regulation and not nec-
essarily due to changes in cytoskeletal forces directly exerted on 
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the nuclear surface. At mitotic exit, however, the transient po-
lymerization of nuclear F-actin can increase the volume of the 
nucleus throughout the early G1 phase of the cell cycle, result-
ing in local nuclear protrusions associated with nuclear F-actin 
(Baarlink et al., 2017). Inhibitors of nuclear actin prevented the 
change in nuclear volume, suggesting that at least for this stage 
of the cell cycle, nuclear F-actin polymerization may contribute 
to nuclear volume changes.

The mechanical behavior of the nucleus during nuclear 
shaping in cells
There are at least two competing models to explain the mechan-
ical behavior of the nucleus in cultured cells based on different 
assumptions about how the nucleus stores elastic energy. In 
the elastic deformation model, mechanical energy is stored in 
the shape of the nucleus, hence deformed steady-state nuclear 
shapes require sustained mechanical forces. By analogy, force is 
required to flatten a rubber ball against a surface, but its spher-
ical shape is restored once the force is removed. In contrast, the 
nonelastic deformation model posits that mechanical energy 
due to shape deformations dissipates quickly, and the ultimate 
nuclear shape is the culmination of incremental nonelastic 
shape changes. An appropriate analogy is the deformation of 
a honey-filled wrinkled bag suspended in water. If the bag has 
excess surface area relative to a sphere of the same volume, the 
bag can be deformed into many different shapes as long as the 
deformation is not so extreme as to require stretching of the bag 
or compression of the contents. A small force is required only to 
overcome the viscous resistance to deformations, but no force is 
required to sustain the deformed shape, since the shape changes 
are not elastic. Below, we consider evidence for these two models.

The elastic deformation hypothesis
One might intuit elastic behavior of the nucleus from the obser-
vations that nuclear shape mimics the shape of the cell (Chen et 
al., 1999) and that upon cell trypsinization, the nucleus rounds up 
in shape (Wang et al., 1993). Early work modeled the nucleus as 
an object storing elastic energy and mechanically integrated with 
tensile cytoskeletal structures (Sims et al., 1992). Furthermore, 
micropipette aspiration experiments with isolated nuclei (Dahl 
et al., 2005; Pajerowski et al., 2007; Stephens et al., 2017a) show 
reversible deformation of the nucleus upon relaxing the applied 
force, suggesting the expectation that nuclei must similarly be 
elastically deformed inside cells.

To understand the coordination of nuclear shape with cell 
shape, endothelial cells were micropatterned into elongated 
shapes, which resulted in correspondingly elongated nuclei 
(Versaevel et al., 2012). They proposed a mechanical model in 
which actomyosin stress fibers orient parallel to the elongated 
cell compress and elongate the nucleus. In this model, the nuclear 
shape is fully determined, given the instantaneous distribution 
of stresses from actomyosin stress fibers. Furthermore, the de-
formed nucleus balances this stress by storing elastic energy in 
its elongated shape. Others have modeled nuclear flattening in 
spread cells as a result of compressive stresses from the acto-
myosin-tensed cortex above the nucleus such that the deformed 
nuclear shape stores elastic energy (Vishavkarma et al., 2014). 

Similar models have been proposed by others (Khatau et al., 
2009; Li et al., 2014). Models of the nucleus behaving as an elas-
tic shell containing plastic chromatin or some variation thereof 
have been proposed in the literature (e.g., Cao et al., 2016). Such 
models predict that a removal of mechanical stresses on the nu-
clear surface should cause a relaxation of the elongated nuclear 
shape to its original undeformed shape. However, these studies 
stopped short of a direct validation of the key assumption that 
the nucleus stores elastic energy in the living cell, which recent 
experiments argue against.

The nonelastic deformation hypothesis
To test whether nuclear shapes store mechanical energy, the cell 
was excised from around the nucleus of elongated fibroblasts or 
breast cancer cells with highly irregular nuclei by micromanip-
ulation (Tocco et al., 2018). The elongated or irregular nuclear 
shape was maintained for 5–10 min after isolation, far longer than 
the seconds for shape relaxations of an elastic nucleus (Neelam 
et al., 2015). Furthermore, elongated shapes of nuclei persist 
after isolation of nuclei by differential centrifugation (Deguchi 
et al., 2005), and laser ablation of stress fibers along elongated 
nuclei causes no relaxation in elongated nuclear shapes (Alam et 
al., 2015). These results suggest that the nucleus in cells does not 
store elastic energy.

How could a nucleus deform nonelastically despite the large 
changes in its shape? A computational model suggests that the 
flattening of a round nucleus during cell spreading does not re-
quire the nucleus to store elastic energy, rather that the nucleus 
in fibroblasts should reach a steady-state “flat” shape during 
cell spreading as the wrinkled lamina in the rounded nucleus 
becomes fully taut during flattening (Li et al., 2015). Once the 
lamina is taut, further flattening of the nucleus would require 
compression of the nuclear volume or extension of the lamina 
area (Fig. 1 E), events unlikely to be achieved by the cellular forces 
exerted during cell spreading given the measured bulk com-
pressibility of the nucleus and the extensional modulus of the 
nuclear lamina. Nuclear volume remains virtually constant as 
nuclei flatten during fibroblast spreading (Li et al., 2015) as well 
as during nuclear deformations in WT and lamin A/C–deficient 
fibroblasts as they squeeze through narrow pores (Davidson et 
al., 2015). Folds in the nuclear lamina in MCF10A cells are ob-
served to decrease during the process of cell spreading and es-
tablishment of nuclear shape (Neelam et al., 2016). The isolated 
nucleus becomes stiffer after an initial threshold strain, where 
the lamina is predicted to become taut (Banigan et al., 2017; 
Stephens et al., 2017a). All this evidence is supportive of a model 
where the excess lamina surface area relative to that of a sphere 
of the same volume allows the nucleus in the cell to undergo dra-
matic changes in shape at constant nuclear area and volume. As 
a result, the nucleus does not store elastic energy in its shape.

A mechanical model of the nucleus consisting of a stiff lamina 
with excess surface area and resistance to volume compression/
expansion but little resistance to shape changes on the time scale 
of cell migration also helps interpret observations of nuclear 
shape changes and mechanical resistance of the nucleus to cell 
migration through narrow spaces (Wolf et al., 2013; Davidson 
et al., 2014; Thomas et al., 2015). The nucleus can deform freely 
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until extreme changes in shape make the lamina taut, at which 
point further deformation requires a reduction in nuclear vol-
ume and/or an increase in the lamina area and disruption of the 
nuclear lamina potentially accompanied by nuclear membrane 
rupture (Denais et al., 2016; Hatch and Hetzer, 2016; Raab et al., 
2016). This might explain why cells lacking lamin A/C more eas-
ily migrate through narrow pores than WT cells (Rowat et al., 
2013; Davidson et al., 2014; Harada et al., 2014): the resistance 
of the lamina to extension in some cells might be too large for 
cellular forces to overcome. A good example of this is dendritic 
cells, which have a level of lamin A expression intermediate be-
tween fibroblasts and neutrophils. Dendritic cells are able to pass 
through narrow constrictions by partially disrupting the lamina 
and facilitating passage of the cells through narrow constric-
tions (Thiam et al., 2016). Circumferential nuclear buckling is 
observed in MEFs migrating in 3D environments (Davidson et 
al., 2014). Such results suggest that the lamina is not uniformly 
under tension during extreme nuclear deformations but rather 
behaves as a 2D solid that may be anisotropic in its deforma-
tion under tension.

Changes in the condensation state of the chromatin can af-
fect nuclear volume (Tamada et al., 2006; Mazumder et al., 2008; 
Chan et al., 2017). Consequently, mechanical perturbations that 
affect chromatin condensation may change the mechanical re-
sponses of nuclei. For example, embryonic stem cells in a defined 
transition state between naive pluripotency and lineage restric-
tion exhibit an abnormal auxetic mechanical response, i.e., a 
cross-sectional expansion to compression and a cross-sectional 
contraction to stretching, caused (at least in part) by deconden-
sation of chromatin and volume expansion of the strained nuclei 
(Pagliara et al., 2014).

Dynamic changes in cell shape are required for changes 
to nuclear shape
Extreme nuclear deformations are observed when cells migrate 
through tight spaces. Fibrosarcoma cells that enter capillaries 
of mice show strikingly elongated nuclear shapes (Yamauchi et 
al., 2005), as do neutrophils extravasating through endothelia. 
There are limits on how much the cell can deform the nucleus, 
which in turn limits the ability of the cell to squeeze through 3D 
matrices. Different cell types including tumor cells, T cells, and 
neutrophils are unable to squeeze through pore sizes of the ECM 
at ≤10% of the nuclear cross section (Wolf et al., 2013). Such ar-
rested cells send out cytoplasmic protrusions through the porous 
environment, but they are unable to deform their nuclei enough 
to squeeze through the narrow pores. A number of papers have 
reported a similar requirement for nuclear deformation for the 
cells to squeeze through narrow constrictions (Davidson et al., 
2014; Harada et al., 2014; Thomas et al., 2015; Thiam et al., 2016).

Nuclear shape changes accompany cell shape changes when 
cells migrate from 1D fibronectin lines to 2D fibronectin patterns 
(Tocco et al., 2018), consistent with the observation that the nu-
cleus deforms reversibly in response to local proximal protru-
sions (Alam et al., 2015) and the concept that dynamic changes in 
cell shape can generate compressive or tensile dissipative stresses 
on the nuclear surface to shape it (Li et al., 2015). Such stresses 
are likely generated through friction between structures such 

as F-actin filaments that are present between the nucleus and 
the moving cell boundary (Li et al., 2015). Thus, nuclear shape in 
the cell at any instant may be a cumulative result of incremental 
changes to its shape in the past, making the history of cell shape 
changes crucially important. The concept that local assembly of 
the cytoskeletal network can exert stresses on the nuclear sur-
face is supported by observations of a perinuclear Arp2/3-de-
pendent F-actin network that assembles around the nucleus as 
dendritic cells migrate through narrow constrictions (Thiam et 
al., 2016). Consistent with the observations that myosin activity 
is not required for nuclear flattening during cell spreading (Li 
et al., 2015; Neelam et al., 2016), myosin activity is not required 
for shaping dendritic cell nuclei during their passage through 
narrow constrictions or for translocating the cell through the 
constrictions (Thiam et al., 2016).

The model for nuclear shaping proposed by Li et al. (2015) ex-
plains a number of observations. First, it explains the relation-
ship between the shape of the cell and the shape of the nucleus. 
For example, cells spread and elongate only in one direction on a 
1D fibronectin line; therefore, the nuclear boundary, which fol-
lows the direction of motion of the cell boundary, adopts a 1D 
elongated nuclear shape (Fig. 2 A). The nuclear shape can contin-
uously change in response to changes in cell shape provided the 
lamina has excess area stored in its folds or wrinkles. After it be-
comes taut, the nucleus will reach a steady-state shape (Fig. 2 A). 
The x–z cross-sectional shape of the nucleus would similarly fol-
low changes to the x–z cross section of the cell (Fig. 2 B). By a 
similar mechanism, if the cell stops spreading, the nucleus will 
stop flattening (Fig. 2, C and D). Thus, the model explains the 
observed inverse relationship between the degree of nuclear 
flattening and the degree of cell spreading (Li et al., 2015). It can 
also explain how the nucleus takes on complex shapes such as an 
hourglass shaped in migration through small pores (Fig. 2 E; Wolf 
et al., 2013; Denais et al., 2016) because the cell itself adopts such 
a shape through motion of its boundaries. Similarly, elongated 
nuclear shapes in fibroblasts observed during migration in 3D 
ECM (Petrie et al., 2014) are likely due to directional motion of 
the cell boundaries.

Rounding of cell shape caused by disruption of actin fila-
ments, inhibition of nonmuscle myosin II with blebbistatin 
(Buxboim et al., 2014, 2017; Driscoll et al., 2015), or trypsinization 
(Ingber, 2003) will result in rounded nuclear shapes (following 
a dynamic path that is the reverse of the sequence in Fig. 2) be-
cause inward motion of cell boundaries will exert a compressive 
stress on the nuclear surface. That the nucleus rounds up in these 
experiments may not represent the relaxation of stored elastic 
energy in the nucleus, but rather the requirement of a change in 
cell shape for changing nuclear shape. Similarly, persistent elon-
gated nuclear shapes in cells migrating through pores were inter-
preted as evidence for plastic nuclear deformation (Harada et al., 
2014), but given the coupling between cell and nuclear shapes, it 
is also possible that cell shapes remain elongated for long times 
after passing through tiny pores, which causes elongated nuclear 
shapes to persist.

Although myosin activity may not be necessary for overall 
shaping of the nucleus, it does influence nuclei in a number 
of ways. Once overall nuclear shape is established, actomyosin 
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stress fibers may indent the apical surface of the nucleus to shape 
it locally (Cramer et al., 1997; Li et al., 2014; Versaevel et al., 2014). 
A nesprin–actin tension sensor has directly revealed actomyo-
sin forces on the apical and equatorial surfaces of the nucleus 
(Arsenovic et al., 2016). Retrogradely flowing apical actomyosin 
bundles interact with the nucleus and position it in wounded 
fibroblasts (Luxton et al., 2010); perinuclear actin fibers can re-
orient the long axis of the nucleus along the long axis of the cell 
(Maninová and Vomastek, 2016); and myosin activity is required 
for directional nuclear motion toward lamellipodia formed by 
Rac photoactivation (Wu et al., 2014). A requirement for myosin 
activity in propelling the nucleus for invasion by MDA–MB-231 
cells through 3D collagen gels (Thomas et al., 2015) and for mov-
ing the nucleus forward to generate pressure in fibroblasts and 
fibrosarcoma cells for lobopodial migration in dense 3D matrices 
has been reported (Petrie et al., 2014, 2017).

The centrosome can also locally affect nuclear shape as re-
flected in the commonly observed indentation of the nucleus 
near the centrosome (Schermelleh et al., 2008). The basis for 
this is unknown but presumably reflects the maintenance of 
the centrosome near the nucleus by dynein and/or the LINC 
complex (Malone et al., 2003; Semenova et al., 2008; Wu 
et al., 2011a).

The mechanics of nuclear positioning
Conceptual model: Nuclear position is a result of a balance of forces
The position of nuclei in cells is typical of cell type and activity. 
For example, in fibroblasts and most cultured cells, the nucleus 
is positioned near the cell center. Yet upon migration stimuli, 

nuclei become repositioned toward the cell rear in fibroblasts 
migrating in 2D (Gomes et al., 2005; Luxton et al., 2010) and 
are actively moved forward during single fibroblast migration 
in 2D (Wu et al., 2014; Alam et al., 2015) and lobopodia mi-
gration in 3D (Petrie et al., 2014). In epithelia, the nucleus is 
positioned preferentially at the base, apex, or center depend-
ing on the epithelial type (Gundersen and Worman, 2013). In 
multinucleated muscle fibers, a small number of nuclei clus-
ter under the neuromuscular junction, whereas the others are 
spaced equidistantly at the cell periphery (Metzger et al., 2012; 
Wilson and Holzbaur, 2015). As nuclear mispositioning is as-
sociated with several diseases including muscular dystrophies 
and lissencephaly (Méjat and Misteli, 2010; Folker and Baylies, 
2013; Gundersen and Worman, 2013), understanding the mech-
anisms and forces responsible for nuclear positioning has taken 
on added importance (Fig. 3).

A stationary position of the nucleus implies that either there 
are no forces acting on it or that the sum of forces acting on it from 
all directions is zero. As more cases are examined, it is becoming 
clear that the nucleus is almost always under force even when it 
is stationary (Wu et al., 2014; Neelam et al., 2015; Arsenovic et 
al., 2016; Zhu et al., 2017a). Centering of the nucleus is possible 
when the magnitude of radially directed “pushing” or “pulling” 
cytoskeletal forces depends on distance from the cell periphery 
in such a way that forces become balanced when the nucleus 
is centered (Wu et al., 2014; Zhu et al., 2017a). When forces on 
the nucleus are unbalanced, the nucleus will move directionally 
until restoring forces on the nucleus increase and a new balance 
of forces is established, at which point the nucleus will become 

Figure 2. Nuclear shape during cell spreading 
is a result of incremental changes in nuclear 
shape caused by incremental changes in cell 
shape. (A and B) x–y and x–z cross sections of 
cells and nuclei based on data from spreading 
fibroblasts on 1D fibronectin lines (red; Tocco 
et al., 2018). The direction of motion of the cell 
boundary is shown by black arrows, while orange 
arrows show the direction of motion of the 
nuclear boundary. The nuclear boundaries follow 
the motion of the cell boundaries, which results 
in nuclear shape mimicking cell shape. This cor-
relation between the nuclear and cell shape is 
observed both in the x–y plane (A) and in the x–z 
plane (B). Coordination between nuclear and cell 
shape. (C and D) Illustration of observations by 
Li et al. (2015) that nuclear flattening is inversely 
correlated with cell spreading. In less-spread 
cells, the nucleus remains round, while in well-
spread cells, it flattens out and reaches a steady-
state shape after the lamina becomes taut. (E) An 
hourglass-type shape of the nucleus that can be 
observed during cell migration through confined 
spaces. These types of observations (C–E) can be 
explained by positing a mechanical stress on the 
nucleus caused by motion of cell boundaries that 
drives motion of nuclear boundaries, which nat-
urally results in a coordination between nuclear 
and cell shape.
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stationary and stably positioned. Such a model is consistent with 
dynamic positioning of the nucleus to specific positions in differ-
ent cell types (Gomes et al., 2005; Alam et al., 2015; Almonacid et 
al., 2015) and tissues like developing muscle cells (Metzger et al., 
2012; Wilson and Holzbaur, 2012).

The nucleus can also move without reaching an apparent 
steady position. This is particularly evident in interkinetic nu-
clear migration in neural epithelial cells (Tsai et al., 2010), where 
the nucleus migrates from one end of the cell to the other and 
back, upon which the cell divides. The migration of the nucleus 
is directional with little diffusive behavior (Baye and Link, 2007) 
except when it stops before changing the direction of its motion. 
The mechanics of the motion again is suggestive of a balance of 
forces on the nucleus. Changes in the direction of nuclear mo-
tion, driven by microtubule motors, have similarly been observed 
in developing Caenorhabditis elegans embryos (Fridolfsson and 
Starr, 2010) and during meiotic prophase in Schizosaccharomy-
ces pombe (Vogel et al., 2009). In these motions, the nucleus is 
likely acted upon continually by mechanical forces, with a stop-
page and then a change in the direction of the motion reflecting 
a balance of forces and then a change in direction of the net force 
on the nucleus.

Quantitative measurements of cytoskeletal forces on the 
nucleus in cells
The force balance on the nucleus is complex in migrating cells 
because the cell shape deforms continually and cytoskeletal 
structures turn over regularly (Lauffenburger and Horwitz, 
1996). However, the nucleus maintains a relatively stable posi-
tion rear of the cell centroid for many types of cell migration 
(Luxton and Gundersen, 2011; Gundersen and Worman, 2013). 
From a physical standpoint, understanding nuclear positioning 
requires identifying the molecular source of mechanical forces 

on the nucleus, the magnitude of these forces, and the magnitude 
of passive resistance to nuclear motion. Quantitative measure-
ments of nuclear forces in migrating cells are rare. By traction 
force microscopy, the maximum tension across the nucleus in 
fibroblasts migrating in 2D was estimated to be of the order of 
100 nN (Alam et al., 2015). This force is the combined tension of 
10–100 stress fibers (tension in a stress fiber is of the order of 
1–10 nN; Kumar et al., 2006) or the maximum force generated by 
30,000 nonmuscle myosin IIA motor molecules (one motor gen-
erates 3.4 pN; Hundt et al., 2016). This tension decreased signifi-
cantly upon disrupting the LINC complex but without changing 
overall cell traction (Alam et al., 2015). LINC disruption has been 
variously reported to increase cell traction (Chancellor et al., 
2010), decrease traction (Graham et al., 2018), or have no effect 
(Alam et al., 2015; Elosegui-Artola et al., 2017).

In fibroblasts migrating in dense 3D matrices, there is a pres-
sure differential in the front versus back of the cell (Petrie et al., 
2014), and these pressure measurements can be used to estimate 
a nuclear force. The pressure difference between the front and 
the back is reported to be ∼1,500 Pa, which, multiplied by the 
projected area of the cell cross section (assumed to be circular 
with a radius of 5 µm; see Fig. 2 C in Petrie et al., 2014), yields a 
force of 100 nN, which is similar to the force estimated for fibro-
blasts in 2D (Alam et al., 2015).

Application of a centrifugal force to the nucleus in fibroblast 
monolayers for 30 min caused nuclei to displace from the center, 
but the nuclei recovered their central position when the force 
was removed, suggesting the presence of a restoring force that 
recenters the nucleus (Zhu et al., 2017a). Applying a centrifugal 
acceleration on the order of 2,000–5,000  g caused noticeable 
nuclear displacements; therefore, for an assumed nuclear mass 
of ∼100 pg (Schürmann et al., 2016), this amounts to a force of 
20–50 nN, which is of the order of the estimates by traction force 

Figure 3. Examples of mechanical stresses that can position the nucleus. These include tensile stress (corresponding to a net force FT), compressive stress 
(FC), or shear stress (FS). Depending on the cell context, different stresses can be dominant. For example, tensile actomyosin forces may position the nucleus 
during 2D cell crawling, and actomyosin retrograde flow can position the nucleus away from the leading edge during the initial phase of wound healing. Com-
pressive stresses generated, for example, by trailing edge detachment can translate the nucleus toward the leading edge. Microtubule motors can translate 
the nucleus by shearing it (FS) or rotate it by exerting a torque on it (TM). Kinesin motor action is not shown in the figure for clarity. Dissipative nuclear stresses 
generated due to moving boundaries may also contribute to nuclear positioning (not shown). A balance between a subset of or all of these forces determines 
nuclear position. TAN lines, transmembrane actin-associated nuclear lines.
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microscopy (Alam et al., 2015). Overall, such measurements sug-
gest that a force on the order of tens of nanonewtons is required 
for nuclear displacement in cells.

In Drosophila melanogaster oocytes, growing microtubules 
may position the nucleus by pushing and indenting the nucleus 
with much lower forces of several piconewtons (Zhao et al., 
2012). Yet, whether (larger) dynein-mediated forces that could 
pull on microtubules associated with the centrosome in order to 
center the centrosomal array of microtubules (Wu et al., 2011b), 
and hence position the associated nucleus, has not been ruled out.

Sources of cytoskeletal forces and their linkage to the nucleus
Forces that move the nucleus in cells are of different origins 
and vary depending on cell type and context (Gundersen and 
Worman, 2013). Furthermore, there is considerable variability 
in which LINC complex components are harnessed to transmit 
nuclear mechanical forces. Of the four different nesprin genes 
implicated in nuclear positioning, three are widely expressed 
(SYNE1, 2, and 3), and one (SYNE4) is more highly expressed in 
secretory epithelia (Starr and Fridolfsson, 2010; Lee and Burke, 
2017). SYNE1 and 2 encode related giant proteins: nesprin-1G 
and nesprin-2G, respectively. These spectrin repeat–containing 
proteins have paired calponin homology domains at their N 
termini that directly bind actin and sites near their C-terminal 
transmembrane domain that bind kinesin and dynein microtu-
bule motor proteins. Through alternative start sites and splic-
ing, a number of smaller versions of nesprin-1 and nesprin-2 
are produced, and these tend to lack the actin-binding domain 
of the giant forms but retain the regions that bind to microtu-
bule motors (Rajgor et al., 2012; Duong et al., 2014). Nesprin-3α, 
one of the two splice variants encoded by SYNE3, binds inter-
mediate filaments through plectin (Wilhelmsen et al., 2005; 
Roux et al., 2009). Nesprin-4, encoded by SYNE4, is a short 
nesprin that interacts with kinesin-1. All four nesprins can 
bind to either of the widely expressed SUN1 and SUN2 proteins 
(Stewart-Hutchinson et al., 2008; Ostlund et al., 2009). There is 
some evidence that binding of a single nesprin to SUN1 versus 
SUN2 may alter its specificity of interaction with the cytoskel-
eton. For example, SUN1 is required for microtubule-dependent 
nuclear positioning, whereas SUN2 supports actin-dependent 
nuclear positioning of nesprin-2G after centrifugal displace-
ment (Zhu et al., 2017a). Below, we consider examples of cases 
where specific nesprins and SUNs have been implicated in nu-
clear positioning.

Wounded monolayers of cells have been a useful model system 
to study cell polarization and nuclear movement as it relates to 
cell migration (Luxton and Gundersen, 2011). In wounded mono-
layers of fibroblasts or myoblasts, serum or the serum factor ly-
sophosphatidic acid stimulates a Cdc42 signaling pathway that 
activates rearward nuclear movement and results in the position-
ing of centrosome anterior to the nucleus (so called “centrosome 
orientation”; Gomes et al., 2005; Luxton et al., 2010; Chang et al., 
2015a; Saunders et al., 2017). The rearward motion of the nucleus 
is caused by retrograde flow of actomyosin, which is coupled to 
the nucleus through a LINC complex composed of nesprin-2G 
and SUN2 reinforced by several actin-bundling proteins that 
interact with nesprin-2G (Luxton et al., 2010; Kutscheidt et al., 

2014; Jayo et al., 2016). The rearward motion reflects an unbal-
anced force on the (previously centered) nucleus. Upon rearward 
motion, the nucleus reaches a new stable position. However, how 
the nucleus is moved forward as the cells at the wound edge crawl 
to close the wound is not as clear.

The nucleus in fibroblasts is displaced from the center toward 
the direction of the lamellipodia formed by Rac1 photoactivation 
in a manner dependent on myosin II activity (Wu et al., 2014). 
This is consistent with results obtained by traction force micros-
copy measurements of migrating fibroblasts that showed that 
the protruding (or retracting) cell boundary imposes a tensile (or 
compressive) stress on the nucleus to position it near the point 
of maximum tension in the cell (Alam et al., 2015). Alternative 
explanations for the forward motion of the nucleus involve api-
cal actin fibers (or the so-called actin cap; Kim et al., 2014) and 
dynein (see below). However, apical actin fibers typically are 
stationary and parallel to the direction of motion of the moving 
nucleus in a migrating fibroblast (Wu et al., 2014). It is unclear 
how such fibers could generate a forward force on the nucleus. 
One study suggests that zippering of apical actin stress fibers at 
the rear end of the nucleus could push the nucleus forward, al-
though a mechanical model for how this could happen was not 
proposed (Shiu et al., 2018).

Fibroblasts, fibrosarcoma cells, and breast carcinoma cells 
migrating in dense 3D matrices move by a unique lobopodial 
form of migration in which myosin contraction anterior to the 
nucleus moves the nucleus forward to pressurize the front of 
the cells (Petrie et al., 2014, 2017). Nesprin-3, which attaches the 
nucleus to intermediate filaments through plectin, is required 
for the movement of the nucleus and the generation of anterior 
compartment pressure (Petrie et al., 2014), leading to a model 
in which actomyosin contraction pulls on the nucleus through 
intermediate filaments, though the mechanism remains to be 
determined. Depending on the density and cross-linking of the 
matrix, fibroblasts can also use lamellipodia-based migration, 
but how the nucleus is positioned in this case is not yet clear (Zhu 
et al., 2017b).

Uniaxial lobopodial motility, where cell protrusions occur 
predominately in one direction, is a highly efficient mode of 
translocation through 3D matrices. In contrast, cells that extend 
protrusions in multiple directions tend to be immobile. In the pis-
ton model (Petrie et al., 2014), the nucleus physically partitions 
the cell into front and back compartments. Actomyosin tension 
creates a higher hydrostatic pressure in the front compartment, 
and this pressure helps generate bleb-like membrane protru-
sions at the leading edge for motility. If a front–back differential 
in hydrostatic pressure is an important mechanism for sustained 
unidirectional lobopodial motility, then the lack of a nucleus 
would hinder 3D motility, as observed by Graham et al. (2018).

Microtubule motor forces are also important for determining 
nuclear position. In migrating cortical neurons, the centrosome 
advances into the thin leading process followed by the movement 
of the nucleus toward the centrosome (Schaar and McConnell, 
2005; Tsai et al., 2010; Bertipaglia et al., 2017). This movement 
of the nucleus requires dynein, which is likely coupled to the 
nucleus through nesprin-1 and/or nesprin-2 (Shu et al., 2004; 
Tsai et al., 2007; Zhang et al., 2009). Myosin II is localized behind 
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the nucleus and may contribute to its forward movement during 
neuronal migration (Solecki et al., 2009). Microtubules and 
dynein may also be important for moving the nucleus forward in 
migrating fibroblasts (Levy and Holzbaur, 2008).

Nuclei undergo a series of movements during muscle develop-
ment, culminating in the positioning of a small cluster of nuclei 
under the neuromuscular junction and the equal spacing of the 
remaining nuclei at the periphery of the syncytial muscle fiber 
(Folker and Baylies, 2013; Roman and Gomes, 2017). These move-
ments include initial clustering after myoblast fusion, alignment 
and spreading along the muscle fiber, and finally, movement to the 
muscle periphery. Most of these movements involve microtubules, 
the microtubule motors dynein and kinesin, and specific LINC 
complexes (Cadot et al., 2012; Metzger et al., 2012; Folker et al., 
2014; Wilson and Holzbaur, 2015; Gache et al., 2017; Gimpel et al., 
2017). The centripetal movement of the nucleus to the myofiber 
periphery involves an unusual mechanism in which the zippering 
of the sarcomeres drives nuclear movement (Roman et al., 2017).

Overexpressing nesprin-4, which recruits kinesin-1 to the nu-
clear envelope, displaces the nucleus toward the edge of epithelial 
cells (Roux et al., 2009). In hair cells of the inner ear, nesprin-4 
is required to maintain the basal position of nuclei, and loss of 
nesprin-4 from nuclei results in deafness in mice and humans 
(Horn et al., 2013). Compared with other systems, relatively little 
is understood of the nuclear positioning mechanism and forces 
that are responsible for the specific positioning of nuclei in their 
different locations in epithelial cells.

In mouse oocytes, which lack centrosomes, the nucleus is cen-
tered by a mechanism independent of centrosomal microtubules 
(Almonacid et al., 2015). Oocytes lacking formins, which are in-
volved in the polymerization of actin filaments, are incapable 
of centering their nuclei. However, following microinjection of 
formin-2, nuclei centered in ∼200 min. Myosin Vb activity was 
required as well, leading Almonacid et al. (2015) to propose a sta-
tistical mechanical model whereby nuclear centering is driven by 
a pressure gradient created by myosin Vb–driven fluctuations. 
However, the combined requirement of formin and myosin Vb 
is also consistent with nuclear centering by centripetal F-actin 
network flow from the cell cortex since myosin V transports 
formin-containing vesicles along actin-filament tracks to the 
plasma membrane (Schuh, 2011). Hence, greater formin-medi-
ated F-actin assembly at the cortex and the resulting centripetal 
flow should be expected with myosin Vb activity. Consistent with 
the transport function of myosin Vb, actin-rich vesicles near the 
cell periphery preferentially moved toward the cortex in a myo-
sin Vb–dependent fashion (Almonacid et al., 2015). Thus, forces 
due to F-actin centripetal flow is a feasible alternative explana-
tion for nuclear centering in oocytes in this study.

Conclusions
In this perspective, we have described studies that have revealed 
mechanical properties and cytoskeletal forces that contribute to 
nuclear shape and position. While it has been proposed that the 
nucleus stores elastic energy, an alternative is that the nucleus 
behaves as a nonelastic object inside cells. Energy is dissipated in 
stretching of the folds in the lamina until the lamin becomes taut, 
after which it resists further deformation; in extreme cases, the 

nucleus may rupture. For positioning the nucleus, unbalanced 
forces must be generated by the actin and/or microtubule cyto-
skeletons and transmitted to the nucleus to move it from its set 
position. This is usually accomplished by attaching the cytoskel-
eton to the nucleus through specific LINC complexes.

Nevertheless, there is still much to be learned. Outstanding 
questions in the field include how the forces on the nucleus stim-
ulate structural and mechanical responses that stiffen or soften 
the nucleus and/or lead to changes in its connections to the cyto-
skeleton and how nuclear positioning influences forces exerted 
on other mechanically responsive elements in the cell such as 
focal adhesions and cell–cell adhesions. Most of our knowledge 
of nuclear shape and positioning comes from a relatively small 
number of cultured cell lines, and it will be important to extend 
studies to other cell types and tissues where nuclear behavior 
may be atypical. The field of nuclear mechanics will benefit from 
the continued development of new technologies such as nesprin 
tension sensors to measure nuclear mechanical forces in living 
cells and tissues and to probe and mechanically manipulate nu-
clei in vitro and in vivo. High-resolution imaging techniques 
to map the effect of mechanical force on chromatin structure 
will also help determine how nuclear forces could impact gene 
expression. Nuclear shape, structure, and positioning are fre-
quently altered in human pathologies like cancer (Zink et al., 
2004; Denais and Lammerding, 2014; Uhler and Shivashankar, 
2018) and muscular dystrophies (Gundersen and Worman, 2013; 
Davidson and Lammerding, 2014). A grand future goal is to deter-
mine how abnormal mechanical force transfers to the nucleus, 
how changes in nuclear mechanical properties and positioning 
might contribute to the development of pathologies like can-
cer, and how the extent to which reverting these properties can 
mitigate disease.
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