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ScienceDirect
Cells are the building units of living organisms and

consequently adapt to their environment by modulating their

intracellular architecture, in particular the position of their

nucleus. Important efforts have been made to decipher the

molecular mechanisms involved in nuclear positioning. The

LINC complex at the nuclear envelope is a very important part

of the molecular connectivity between the cell outside and the

intranuclear compartment, and thus emerged as a central

player in nuclear mechanotransduction. More recent concepts

in nuclear mechanotransduction came from studies involving

nuclear confined migration, compression or swelling. Also, the

effect of nuclear mechanosensitive properties in driving cell

differentiation raises the question of nuclear

mechanotransduction and gene expression and recent efforts

have been done to tackle it, even though it remains difficult to

address in a direct manner. Eventually, an original mechanism

of nucleus positioning, mechanotransduction and regulation of

gene expression in the non-adherent, non-polarized mouse

oocyte, highlights the fact that nuclear positioning is an

important developmental issue.
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Introduction
As the largest organelle in cells, the nucleus is often the

organizing center of other subcellular structures and

compartments. Neurons are tangible examples of this,

with their nucleus location defining the neuronal cell

body. In eukaryotic cells, the nucleus is positioned in

an active manner, resulting in its location associated with

different biological processes, such as the site of cell

division, the differentiation status or the direction of

migration [1,2]. Nuclear position in differentiated cells,

such as neurons, myofibers, or epithelial cells, strongly
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impacts their function, as its deregulation can result in

cell dysfunction and disease, such as muscular disorders

such as Emery-Dreifuss muscular dystrophy and dilated

cardiomyopathy, and central nervous system disorders

such as lissencephaly [3,4]. In this review, we will address

the link between nuclear positioning and mechanotrans-

duction in two very different models: polarized migrating

cells and the non-polarized mouse oocyte. Indeed, a

recent work has highlighted the existence of mechan-

osensitive mechanisms in the nucleus, revealing its

responsiveness to mechanical forces, even if the molecu-

lar players involved need further investigation. We will

also discuss the impact on gene expression, enabling us to

raise potential developmental consequences.

Molecular connectivity from outside the cell to
the nucleus
Cells evolve in a dynamic environment where they are

subjected to various mechanical influences, from their

two-dimensional substrate in the case of monolayers in
vitro, to the context of the surrounding tissue in an

organism. Variations in the mechanical environment

influence cell–cell as well as cell–extracellular matrix

interactions and in fine, cell morphology and function.

Thus, cells have to adapt to extracellular inputs and as a

consequence, rearrange their intracellular components,

including the nucleus, the largest organelle. Indeed,

many studies suggest now that the nucleus is able to

sense extracellular forces. The idea of a coupling between

the extracellular environment and the nucleus was first

proposed by the Ingber lab [5]. Such a coupling implies

connectivity from the plasma membrane to the nucleus

(for reviews, see Refs. [6,7]). Indeed, forces exerted on

mechanosensitive receptors such as integrins or cadherins

at the cell surface are relayed by cytoskeletal filaments in

the cytoplasm to the nucleus [8].

Key players in this process are LINC complexes that

make the connection between the cytoplasmic-skeleton

and the nuclear interior. The role of LINC (LInker of the

Nucleoskeleton and Cytoskeleton) complexes in nucleo-

cytoplasmic coupling during nuclear positioning emerged

from studies performed in Caenorhabditis elegans [9,10],

but LINC complexes have been documented in all

eukaryotic cells [2]. This force transmission system is

associated with the nuclear envelope [2]. LINC com-

plexes are composed of outer nuclear membrane (ONM)

KASH domain (Klarsicht, ANC-1, Syne Homology) pro-

teins and inner nuclear membrane (INM) SUN domain

(Sad1, UNC-84) proteins (Figure 1a). SUN domain pro-

teins are tethers for the KASH domain within the peri-

nuclear space (PNS) between the inner and the outer
www.sciencedirect.com

mailto:maria-elsa.almonacid@college-de-france.fr
https://doi.org/10.1016/j.ceb.2018.12.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceb.2018.12.002&domain=pdf
http://www.sciencedirect.com/science/journal/09550674


Nuclear positioning as an integrator of cell fate Almonacid, Terret and Verlhac 123
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Nuclear mechanotransduction mechanisms during nuclear positioning in 2D migrating cells and mouse oocytes.

(a): Up: Nuclear positioning in a 2D migrating cell. The black arrow represents the direction of cell migration. The black dotted arrow corresponds

to the displacement between initial (brown dotted outline) and final nucleus position. The nucleus is in blue and the cytoplasm in yellow. Two

dorsal actin networks are represented: the perinuclear actin cap that flattens the nucleus, consisting of actin filament bundles (dark brown)

connected to focal adhesions (purple pads), and TAN lines (red) involved in cell migration. Both are connected to the nucleus through the LINC

complex (yellow dots).

Zoomed inset: Molecular connectivity at the nuclear envelope involved in nuclear mechanotransduction by TAN lines. Nesprin-2 interacts with

actin filaments at the outer nuclear envelope. The KASH domain of Nesprin-2 interacts with the SUN domain protein SUN2 in the perinuclear

space (PNS). SUN2 interacts with the nuclear lamina underlying the inner nuclear membrane (INM). At the INM, LEM domain proteins

(LAP2, Emerin, MAN1) interact with the BAF protein that directly binds DNA. Red: actin filaments, yellow: Nesprin-2, purple: SUN2, pink: nuclear

lamina, orange: LEM domain proteins, brown: BAF protein, dark blue: chromatin.

(b): Up: Nuclear positioning in the unpolarized mouse oocyte. The oocyte is surrounded by its protective shell, the zona pellucida (in grey). The

black dotted arrow corresponds to the displacement between initial (brown dotted outline) and final nucleus position. The nucleus is in blue and

the cytoplasm in yellow. The cytoplasm is filled with the cytoplasmic actin meshwork (actin filaments and actin-coated vesicles, in red). Myosin

Vb, which drives the dynamics of the meshwork, is in orange. Inside the nucleus is represented the very peculiar ring-like structure of chromatin

(dark blue) in fully grown mouse oocytes, with few contacts with the nuclear envelope. The empty hole corresponds to the space occupied by the

nucleolus (not represented).

Zoomed inset: Nuclear mechanotransduction by active fluctuations at the nuclear envelope. In the cytoplasm, the dynamics of the cytoplasmic

actin meshwork (black arrows) generates advection within the cytoplasm (black vortices). This global cytoplasmic activity generates fluctuations at

the nuclear envelope (grey dotted arrows), which in turn promote global agitation in the nucleoplasm (blue arrows) and increase chromatin

dynamics (dark blue: chromatin).
nuclear membranes (Figure 1a). The C-terminal KASH

domain contains a trans-membrane segment followed by

a short extension into the PNS that interacts with KASH

binding sites on individual SUN protein trimers [11].

The cytoplasmic domains of KASH proteins can bind

various cytoskeletal components. In SUN proteins, the

C-terminal region includes the SUN domain that extends
www.sciencedirect.com 
into the PNS. The N-terminal domain is associated

with the nuclear lamina or other nuclear components

(Figure 1a) [2].

The last element of this trans-cellular network is the

nuclear lamina, consisting of A-type and B-type lamins.

These intermediate filaments constitute a scaffold
Current Opinion in Cell Biology 2019, 56:122–129
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underlying the INM (Figure 1a) [12]. A-type lamins are

the main determinants of NE mechanical properties

[12,13], supporting the role of the final output in this

mechanotransductive chain.

Altogether, the multiple players of this connective entity

between plasma membrane and nucleus allow an effec-

tive coupling between the nucleus and the cell nearest

environment.

Mechanisms of nucleus positioning involving
LINC complexes
The mechanisms of nucleus positioning have been stud-

ied in various cell types. In polarized cells, these mecha-

nisms often depend on the connectivity between the

nucleus and the cytoskeleton and thus on LINC

complexes.

As nuclear positioning defects are associated to muscular

and central nervous system disorders, nuclear positioning

has been well investigated during myogenesis and neu-

rogenesis. Myogenesis involves successive nuclear move-

ments, mostly microtubules-dependent [14]. In mamma-

lian neuro-epithelia, nuclear shuttling from a basal to an

apical and from an apical to basal position, known as

Interkinetic Nuclear Movement (IKNM), essential for

the regulated proliferation of neuro-epithelial cells, is also

microtubules-dependent [15].

Nuclear positioning has also been studied during cell

migration (for a review, see Ref. [16]). The mechanisms

documented thus far are mostly actin-dependent. Before

migration, cells undergo changes in their architecture,

that is, organelles and cytoskeleton rearrangements allow

the cell to polarize in the direction of migration. In this

regard, the position of the nucleus plays a central role.

Lots of concepts on cell migration come from studies on

2D substrates. In most 2D cultured cells, nuclei localize

near the cell centroid, but move to the cell rear upon

initiation of migration, creating a leading edge/centro-

some/nucleus axis in the direction of migration

(Figure 1a) [17,18]. Such a nuclear translocation is

achieved by coupling of the nuclear envelope to an actin

retrograde flow through the LINC complex. This nuclear

movement involves a structure called TAN (Transmem-

brane Actin-associated Nuclear) lines that are dorsal actin

cables containing the KASH domain protein Nesprin-2,

SUN2 and actin and that tether the nucleus to the actin

cytoskeleton (Figure 1a, Table 1) [17,18]. During migra-

tion, the position of the nucleus is maintained by a

Myosin II-dependent mechanism, both pushing and pull-

ing the nucleus (Table 1) [19].

The use of 3D substrates highlighted novel aspects of

nuclear positioning during cell migration. During 3D cell

migration, cells often position their nuclei at the rear, and the

nucleus becomes an obstacle to penetrate through narrow
Current Opinion in Cell Biology 2019, 56:122–129 
space as it is the case during metastasis. Intrinsic mechanical

properties of the nuclei become then very important

[20��,21�,22�]. Nuclear translocation through tiny space is

Myosin II-dependent, as shown for breast cancer cells

(Table 1) [23]. Alternatively, immune cells can insert their

nuclei in the leading edge to pass through endothelial layers

during Transendothelial Migration (TEM). In those trans-

migrating cells, Myosin II contractility is involved in nuclear

squeezing across the endothelial barrier [24].

Nuclear positioning and
mechanotransduction
Nuclear positioning mechanisms based on the molecular

connectivity from the plasma membrane to the nucleus

involve mechanotransduction (for reviews, see Refs.

[25,26]). Thanks to this molecular coupling, the nucleus

is wired to mechanical changes outside the cell such as

extracellular matrix adhesiveness or mechanics. As an

illustration, an intact cytoskeleton is required to regulate

nuclear morphology [27–30] and expression of dominant

negative forms of the LINC complex components SUN

or KASH impair force transmission from the cytoskeleton

to the nucleus and impair nuclear deformation [31].

However, recent findings suggest that the LINC complex

is not always required for mechanotransduction to the

nucleus. Whereas in adherent cells, a commonly observed

perinuclear actin cap flattening the nucleus is LINC com-

plex-dependent [27], Thiam et al. reported a perinuclear

actin network in dendritic cells that facilitates nuclear

migration through narrow constrictions by disrupting

Lamin A/C and thus favoring nuclear deformability. This

mechanism does not rely on the LINC complex (Table 1)

[20��]. Remarkably, nuclear translocation through tiny

spaces challenges nuclear integrity. It induces transient

nuclear envelope rupture, rapidly repaired by the ESCRT

III machinery to avoid further DNA damage [21�,22�]. This

is an example of mechanotransduction impacting nuclear

content and genome integrity and whether this could affect

other cellular responses such as transcription would be an

interesting matter of investigation.

On stiff substrates, focal adhesions and stress fibers apply

forces to the nucleus and flatten it. This increases nuclear

membrane curvature, stretching nuclear pores and lead-

ing to increased import of the transcriptional regulator

YAP. Recently, Elosegui-Artola et al. found that direct

application of a force on the nucleus through AFM

(Atomic Force Microscopy) mimicked this effect in a

LINC-independent manner [32��].

The nucleus itself has mechanosensitive properties that

relay the mechanotransduction from outside of the cell

and from the cytoplasm. This was experimentally dem-

onstrated by magnetic tweezers experiments on isolated

nuclei: application of a repeated force triggered nuclear

stiffening, showing that the nucleus itself can produce a
www.sciencedirect.com
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Table 1

Features of nuclear mechanotransduction mechanisms during nuclear positioning in polarized migrating cells and mouse oocytes

Polarized migrating cell (2D) Polarized migrating cell (3D) Mouse oocyte

Cytoplasmic-skeleton TAN lines (actin) Perinuclear actin network Cytoplasmic actin meshwork (actin

filaments and actin-coated vesicles)

Molecular motor Myosin II Myosin II Myosin Vb

Driving force Coupling of the nuclear envelope to

an actin retrograde flow

Nuclear deformation: perinuclear

actin nucleation induces nuclear

lamina rupture

Advection induced by the

cytoplasmic actin meshwork

generates nuclear envelope

fluctuations

Nuclear envelope connectivity LINC complex (Nesprin-2 and

SUN2)

LINC independent Not reported

Effects on gene expression Contacts chromatin/lamina Not reported Nucleoplasmic advection
mechanical response to applied forces [33]. The lamina

and chromatin are the major determinants of nuclear

mechanics. Lamin A is a key element regulating nuclear

shape and rigidity [34,35] and depending on its state,

chromatin can either stiffen or soften nuclei. Heterochro-

matin is more densely packed and makes nuclei stiffer,

whereas euchromatin contributes to the viscous part of

nuclear mechanics [36,37]. This is particularly striking

during cellular differentiation, where both Lamin A

accumulation underneath the INM and formation of

peripheral heterochromatin increase stiffness at the

periphery [36,37]. Another important parameter in

nuclear mechanics is nuclear membrane curvature and

tension. Trying to elucidate the inflammatory response to

wounding in zebrafish, a recent study discovered that in

HeLa cells, pro-inflammatory phospholipase A2 (PLA2)

translocates from the nucleoplasm to the INM when

membrane tension increases following nuclear swelling

[38��]. This mechanotransduction mechanism triggers a

chemoattractive inflammatory signal that recruits leuco-

cytes. Interestingly, the actin cap [27] plays here a pro-

tective role against nuclear swelling. This mechanism

could also have potential implications in other situations

putting nuclei at stress such as Transendothelial Migra-

tion or migration through narrow spaces.

A comprehensive study from the Discher lab reported the

importance of nuclear mechanosensitive properties in

driving cell differentiation [34]. Artificial changes in

matrix stiffness modulate Lamin A levels from tissue

culture cells, with high stiffness indirectly raising nuclear

rigidity and regulating stress fiber genes as well as nuclear

localization of transcriptional regulators such as YAP.

Altogether, extracellular matrix stiffness regulation tunes

the commitment of undifferentiated cells toward either

bone-like or fat-like fates. Studying the effects of

mechanotransduction on gene expression is thus the

subject of extensive investigation.

Mechanotransduction and gene expression
The continuum of force transmission existing in polarized

cells, from outside the cell up to the intra-nuclear
www.sciencedirect.com 
compartment, through the connection between the cyto-

plasmic-skeleton and the nuclear envelope, is an intuitive

way to regulate gene expression in response to extracellular

inputs. This is a meaningful point, since chromatin is one of

the last players of this pathway through its association to the

nuclear envelope by the Barrier to Autointegration Factor

(BAF) protein (Figure 1a) [39,40]. Indeed, chromatin orga-

nization inside the nucleus can be modified by external

perturbation, like stretching the cell with glass pipettes or

load compression [41]. Modulating chromatin organization

is a way to regulate gene expression. The spatial location of

the DNA within the nucleus is nonrandom. This organiza-

tion constitutes the ‘4D nucleome’ (the 3D chromatin

architecture and its change over time) and impacts tran-

scription and cellular functions [42–46]. In differentiated

somatic cells, condensed and transcriptionally inactive

heterochromatin is preferentially located at the nuclear

periphery, close to the nuclear lamina, whereas de-con-

densed and transcriptionally active euchromatin is found

away from the nuclear envelope [47,48]. Experimentally

tethering genetically modified loci to the nuclear periphery

can result in their repression, supporting the idea that

Lamin A at the nuclear periphery represses transcription

(Table 1) [49,50].

Several recent studies address more or less directly the link

between mechanotransduction and gene expression. The

Shivashankar lab established correlations between LINC

complex connections, nuclear architecture, chromatin

organization and gene expression in Drosophila cells [51].

They also established correlations between cell geometry,

3D organization of chromosome territories (the physical

space occupied by individual chromosomes) inside the

nucleus and gene expression in micro-patterned cells

[52]. Another work demonstrated that mechanical strain

applied on epidermal multipotent stem cells led to the

enrichment of the nuclear membrane protein Emerin at the

ONM and its decrease at the INM, inducing heterochro-

matin rearrangements and decrease of nuclear G-actin,

altogether resulting in the downregulation of lineage com-

mitment genes [53]. A more direct evidence of external

force on transcription was provided by a single-cell study,
Current Opinion in Cell Biology 2019, 56:122–129
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where application of a local shear stress by magnetic beads

at the cell surface via integrins induced upregulation of

transcription of a multi-copy insertion of a Bacterial Artifi-

cial Chromosome (BAC) [54��].

The original case of nucleus positioning inside
a non-polarized cell, the mouse oocyte
Mouse oocytes grow within the ovary until reaching the

big size of 80 mm diameter. By the end of their growth, the

nucleus moves from a peripheral to a central position [55].

Unlike somatic cells, mouse oocytes lack the key players

allowing them to adapt their geometry relative to their

environment [56]: they neither have centrosomes nor

associated microtubules [57], and they also lack cortical

and intracellular polarity [58–60]. However, fully grown

mouse oocytes display a stereotypical spatial organization,

with their big nucleus (30 mm diameter, the size of a

somatic cell) at the center, suggesting that these cells

have their own mechanisms to define their center. Con-

sequently, they present an original mode of nuclear

positioning, not relying on microtubules and centro-

somes, or on Myosin II induced contractility.

Instead, nuclear positioning is driven by the MyosinVb-

dependent dynamics of actin-coated vesicles (Table 1).

More precisely, the activity of those actin vesicles

increases close to the cortex, generating a pressure gradi-

ent and a propulsion force sufficient to move the oocyte

nucleus (Figure 1b). Actin vesicles dynamics also move

the whole cytoplasm (fluids and organelles) by advection

(Table 1), thus promoting its fluidization, favoring

nucleus directional movement toward the center

(Figure 1b) [61]. This mechanism is robust which could

be related to the physical nature of the gradient. Indeed,

even fluorescent latex beads aggregates, when injected to

the periphery of the cell can be pushed toward the center

[61]. Therefore, we suspect that any object placed within

the gradient would find its way to the center. The size of

the object may be a critical parameter and further work

will help fully characterize this gradient of pressure and

its properties. The non-specific nature of the gradient also

suggests that nuclear centering mechanism in mouse

oocytes is probably LINC complex independent.

As a sequel of this work, a preprint article reports a

potential role for nuclear centering in mouse oocytes

[62]. During the process of nuclear positioning, cyto-

plasmic activity generated by the dynamics of actin

vesicles, promotes nuclear envelope fluctuations and

chromatin motion, thereby modulating gene expression

(Figure 1b, Table 1). This mechanotransduction effect is

developmentally important, since transcriptome compo-

sition in mammalian fully grown oocytes sustains further

embryo development. Indeed transcription is strongly

decreased at the end of oocyte growth [62] and during

meiotic divisions to resume after fertilization at the two-

cell embryo stage only. Hence, mRNA maternal stores
Current Opinion in Cell Biology 2019, 56:122–129 
support these essential steps in the early life of a new

organism. This unprecedented model for mechanotrans-

duction, where the activity from the cytoplasm alone is

able to generate fluctuations at the nuclear envelope and

promotes global agitation inside the nucleus, is fully

consistent in this mechanically isolated cell. This is also

reminiscent of a study from the Lecuit lab, where

during early Drosophila embryogenesis, microtubule

forces are transmitted to the nucleoplasm and enhance

chromatin dynamics. The global agitation inside the

nucleus could contribute to the induction of zygotic gene

expression [37,63].

Such a novel mode of mechanotransduction in mouse

oocytes results from the non-conventional mechanism of

nuclear positioning. The mouse oocyte by its very high

cortex tension at that stage [64,65] as well as the presence

of its protective shell, the zona pellucida, is somehow

rather isolated in terms of forces from the outside, thus all

the connectivity from the cell outside up to the nuclear

compartment, as described in polarized cells, is not rele-

vant in that case. Furthermore, as discussed above, we

suspect nuclear positioning in mouse oocytes to be LINC

complex independent. Interestingly, LINC-independent

mechanisms for mechanotransduction have also been

reported in polarized cells, such as dendritic cells migrat-

ing through narrow constrictions [20��]. Also, nuclear

architecture in fully grown, developmentally competent

mouse oocytes is very different from the one in somatic

cells. The nucleus itself is the size of a somatic cell and

contacts between lamina and chromatin are reduced at

this stage. Instead, at the end of oocyte growth, chromatin

wraps around the big nucleolus as a ring-like structure

(Figure 1b) [66]. Thus, unlike in somatic cells, contacts

with lamina and DNA/chromatin may not be essential for

gene expression regulation by mechanotransduction.

Conclusion and perspectives
Nucleus positioning is involved in many biological func-

tions and nuclear positioning defects can lead to dysfunc-

tion and disease [1,2]. Understanding the role of nuclear

positioning is also an important developmental issue.

Noteworthy, the first nuclear movement in the life of

an organism is the migration of the female and male

pronuclei toward each other, often at zygote center, to

allow the fusion of parental genomes. Also, in many

organisms, nuclear positioning in the oocyte predefines

the future axes of the embryo and in mouse oocytes,

unpublished data suggest it regulates the composition of

the transcriptome [62]. During development, nuclear

positioning could impact not only the geometry of cell

divisions but also cell fate. Nuclear positioning could

affect cell fate determination through associated mechan-

otransduction and gene expression regulation. However,

studying the link between mechanotransduction and

gene expression in vivo is a hard task. Integrative

approaches are strongly needed for such projects. There
www.sciencedirect.com
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is a real conceptual challenge to connect two different

fields, cytoskeleton/mechanobiology and nuclear organi-

zation/gene regulation. For cell biologists, it implies to get

familiar with complex approaches as Chromosome Con-

formation Capture to analyze genome organization or

DNA adenine methyltransferase identification (DamID)

to analyze genome-wide contacts with lamina. It also

requires to circumvent several technical challenges such

as direct measurements of nuclear forces and gene expres-

sion visualization in live cells. Recent developments in

the labeling of specific endogenous genomic loci or tran-

scripts using CRISPR–Cas9 and related systems in live

will help overcome these critical issues [67,68]. All these

efforts will contribute to better understand the impact of

nuclear positioning on essential developmental processes.
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46. Zullo JM, Demarco IA, Piqué-Regi R, Gaffney DJ, Epstein CB,
Spooner CJ, Luperchio TR, Bernstein BE, Pritchard JK, Reddy KL
et al.: DNA sequence-dependent compartmentalization and
silencing of chromatin at the nuclear lamina. Cell 2012,
149:1474-1487.

47. Guelen L, Pagie L, Brasset E, Meuleman W, Faza MB, Talhout W,
Eussen BH, de Klein A, Wessels L, de Laat W et al.: Domain
organization of human chromosomes revealed by mapping of
nuclear lamina interactions. Nature 2008, 453:948-951.

48. Peric-Hupkes D, Meuleman W, Pagie L, Bruggeman SWM,
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