The nucleus feels the force, LINCed in or not!
Zeinab Jahed' and Mohammad RK Mofrad'-*

Mechanical signals affect many aspects of biological
processes. Physical forces from the extracellular
microenvironment are ultimately transmitted to the nucleus and
elicit a response that result in the deformation and remodeling
of the nucleus. Recent studies have shown that nuclear
deformation has several consequences such as reorganization
of chromatin, changes in gene expression, and nuclear
envelope rupture. It is widely believed that a direct coupling
between the cytoskeleton and nucleoskeleton is required for
nuclear deformation; however, some studies have proposed
alternative mechanisms for nuclear deformation and the
transmission of mechanical signals and stresses from the
cytoskeleton to the nucleus. Herein, we review the processes,
in which the cell nucleus experiences stresses and discuss the
evidence of involvement of a direct link between the
cytoskeleton and nucleoskeleton in nuclear deformation.
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Introduction

More than a decade ago, the concept of nuclear mechan-
otransduction was proposed suggesting that the sensation
and transduction of extracellular mechanical cues are not
limited to the cell surface, and that forces acting on the
cell are ‘felt at a distance’ inside the nucleus [1,2]. The
transfer of physical forces to the nucleus is of great
interest as it could potentially regulate genome organiza-
tion and gene expression [3,4]. The chief candidates for
force transmission to the nucleus are believed to be the
protein machinery called the LINC complex (linker of
the nucleoskeleton and cytoskeleton) [5]. This is not
surprising since the LINC complex spans the nuclear
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envelope and provides a direct physical connection
between primary components of the cytoskeleton, and
nucleoskeletal elements such as lamins and chromatin
(Figure 1). Hence, nuclear mechanotransduction research
in the past decade has often focused on the LINC
complex as the main mediator of nuclear mechanotrans-
duction. Although there is some evidence for the direct
involvement of LINC complex in nuclear mechanotrans-
duction [6,7,8°°,9], some recent studies have suggested
that there are several LINC-independent mechanisms,
by which the nucleus experiences and responds to physi-
cal forces [10,11,12°,13,14,15°,16°%,17°°]. Physical forces
translated to the nucleus induce a mechanical stress that
can deform the nucleus, resulting in local or global
changes in nuclear shape. Herein, we provide a review
of the different ways by which the nucleus experiences
mechanical stress during various mammalian cellular
processes. We also discuss the evidence or lack thereof
for the significance of direct nucleo-cytoskeletal coupling
in force transmission to the nucleus during these
processes.

The LINC complex at the nuclear envelope

T'he contents of the nucleus are enclosed within a double-
layered nuclear envelope consisting of an inner nuclear
membrane (INM) and an outer nuclear membrane
(ONM). Just as the cell plasma membrane separates
the contents of the cytoplasm from the extracellular
environment, the nuclear membranes separate the con-
tents of the nucleus from the cytoplasm. Crosstalk
between the interior of the nucleus, and the cytoplasm
is then regulated by two macromolecular complexes
namely the nuclear pore complex (NPC) and the LINC
complex (Figure 1). While NPCs control the bidirectional
transport of molecules across the nuclear envelope and
may play a role in nuclear and cellular mechanotransduc-
tion as was originally proposed a decade ago [18,19], the
LINC complexes allow the transfer of physical forces
between the cytoskeleton and nucleoskeleton. The two
main protein families that comprise the LINC complex
are INM-anchored Sad1/UNC-84 (SUN), and ONM-
anchored Klarsicht/ANC-1/SYNE homology (KASH) pro-
teins (Figure 1). The conserved luminal KASH domain of
KASH proteins binds to the conserved SUN domain of
SUN proteins in the nuclear envelope. On the other hand,
the cytoplasmic domains of KASH proteins can bind to
various elements of the cytoskeleton (i.e. actin, micro-
tubules and intermediate filaments), whereas the nucle-
oplasmic domains of SUN proteins bind to various ele-
ments of the nucleoskeleton (i.e. nuclear lamina and
chromatin) (Figure 1). Through these interactions, the
LINC complex provides a direct physical linkage
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LINC complexes at the nuclear envelope.

The LINC complex is formed by the interaction of conserved domains of Sad1/UNC-84 (SUN) and Klarsicht/ANC-1/SYNE homology (KASH)
proteins in the nuclear envelope. KASH domain proteins are anchored to the outer nuclear membrane (ONM) and most KASH proteins contain
large cytoplasmic domains that bind to various elements of the cytoskeleton. KASH proteins can bind directly to the actin cytoskeleton, and
indirectly to microtubules and intermediate filaments through motor proteins. The luminal conserved KASH domain is 10-30 amino acids in length
and binds to the SUN domain of SUN proteins. SUN proteins are anchored to the inner nuclear membrane (INM) and can associate with nuclear
lamina and chromatin through their nucleoplasmic domains. Various members of SUN and KASH domain proteins can pair up to perform distinct

functions in the cell [20-22].

between the nucleoskeleton and cytoskeleton. Moreover,
various members of the SUN and KASH domain protein

families can pair up to perform distinct functions in the
cell ([20-22]).

Compressive forces on the nucleus by apical perinuclear
actin bundles

Several studies have shown that highly contractile acto-
myosin filament bundles form a dome-like structure on

top of the interphase nucleus in 2D adherent cells known
as the actin cap [23-25] (Figure 2a). These actin bundles
are physically tethered to the nucleus via LINC complex
proteins on the apical surface of the nucleus, and form
focal adhesions at the basal surface of the cell. Since its
discovery, the actin cap has been characterized exten-
sively and shown to be a highly contractile and dynamic
[26]. Through these contractions, the actin cap is vastly
involved in deforming the nucleus and can induce deep
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Physical forces on the nucleus of mammalian cells by external environments or internal structures.

indentations on the apical surface of the nucleus deform-
ing nuclear contents such as lamina and chromatin [27].

Forces on the nucleus during actin or microtubule
dependent nuclear positioning

The position of the cell nucleus changes during various
cellular processes and nuclear positioning plays a signifi-
cant role in cellular function. As the nucleus is moved to
its particular position inside the cell, it undergoes signifi-
cant deformations and shape changes. Although the

mechanisms of nuclear positioning in various cellular
processes are still under investigation [28], there is great
evidence that the LINC complex is at least partially
involved in both actin and microtubule dependent
nuclear positioning. For example, fibroblasts that are
polarizing for migration position their nuclei rearward
of the cell centroid [28] (Figure 2b). Actin cables above
the nucleus that are anchored to the nucleus via LINC
complex protein Nesprin-2 are responsible for the trans-
location of the nucleus to the rear of the cell during
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retrograde actin flow [29,30°]. In a mechanism distinct
from actin dependent fibroblast nuclear positioning, in
newly born neurons, Nesprins bind to microtubules
through kinesin-1 motor proteins and exert point forces
on the nuclei [31°°]. These point forces result in the
rotation and deformation of the nucleus (Figure 2b).

Forces on the nucleus by central stress fibers

Some studies have suggested a model, in which lateral
compressive forces from central stress fibers can change
both the shape and volume of the nucleus [10]
(Figure 2¢). These changes can ultimately induce chro-
matin condensation and even affect cell proliferation [10].
Unlike the apical actin cap, central stress fibers are not
known to be physically tethered to the nucleus through
the LINC complex; however, studies suggest that they
may contribute more to nuclear shape changes than does
the apical actin. According to this model, the nuclear
shape is tightly coupled with the cell shape and more
elongated cells induce higher tensile stresses in central
acto-myosin cables which can significantly deform the
nucleus [10,27].

Passive forces on the nucleus by moving cell boundaries
Lieral. proposed another model of nuclear deformation of
2D cultured cells where the moving cell boundaries exert
compressive forces that flatten the nucleus in early stages
of cells spreading (Figure 2d). They also showed that a
direct compressive force by LINC anchored apical actin
cables is not required for nuclear flattening [12°]. Other
studies have also shown that there is a direct correlation
between the extent of cell spreading and the shape of the
nucleus, and suggested that the LINC complex is not
involved in nuclear compressions during cell spreading
[7,15°,32]). According to this model, the passive forces
generated within the cytoskeleton is sufficient for com-
pressing the nucleus during cell spreading [33].

External fluid shear stresses transmitted to the cell
nucleus

Although the effect of external fluid shears stress has been
extensively studied in the context of cellular mechano-
transduction, surprisingly, very few studies have looked
into its effect on nuclear shape and nuclear mechano-
transduction [34,35]. There is great evidence that the
organization of the nuclear lamina, nuclear shape, and
hence the overall mechanical properties of the nucleus
can change in response to external fluid shear stresses
(Figure 2e) but the mechanisms remain largely unknown
[35,36]. Specifically, it is unclear whether the LINC
complex has any involvement in the response of the
nucleus to external fluid shear stresses.

Direct pressure on the nucleus as it migrates through
constrictions

Most abovementioned nuclear deformations are observed
in 2D adherent cells. However, recent studies have
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revealed the drastic deformations of the nucleus as cells
migrate through extracellular constrictions [13,37]. For
example, cancerous cells encounter and pass through
confined microenvironments as they penetrate neighbor-
ing tissue during metastasis (Figure 2f-7) [13]. Leukocytes
also experience a high degree of deformation as they
create micron-wide openings to migrate through endo-
thelial barriers (Figure 2f-i7) [16°°]. The translocation of
the nucleus through these tight constrictions is not known
to be dependent on the LINC complex [4,16°%,33].
Although the mechanisms are not completely understood,
the LINC complex is not known to be involved, and
myosin [I-mediated contractility is believed to be respon-
sible for pushing the nucleus through constricted barriers
[16°°,37].

Forces on nuclei in multi-nucleated muscle fibers during
Myofibril contraction

During skeletal muscle differentiation the nuclei in
multi-nucleated muscle fibers (myofibers) experience
extensive deformations as they are moved to specific
locations in the cell [38°°]. The contractile units of
skeletal muscle are linked by groups of longitudinal
filaments (myofibrils) that are cross-linked by desmin.
Very recently, studies using /z vifro myofiber systems
revealed that before nuclear movement, cross-linked
myofibril bundles surround the nucleus and deform
it inducing wrinkles and protrusions in the nuclei
(Figure 2g) [38°°]. The forces on the nucleus are exerted
by actomyosin myofibril contractions and the LINC com-
plex has shown to be dispensable for the deformation of
the nucleus during this process [38°°]. However, other
studies have shown essential roles for the LINC complex
protein Nesprin-1 in the positioning of the nuclei in
myofibers [39]. Nevertheless, Nesprin-1 has multiple
isoforms including ones that do not bind to the actin
cytoskeleton. A recent study showed that the actin bind-
ing domain of Nesprin-1 is not required for nuclear
movement or skeletal muscle function [40]. Therefore,
although members of LINC complex proteins play partial
roles in nuclear movement during skeletal muscle devel-
opment, it remains unclear whether a direct physical
nucleo-cytoskeletal connection is actually required for
this process [40].

Short time-scale fluctuations in nuclear shape during
the cell cycle

Finally, a less explored mechanism of nuclear deforma-
tion is short time scale shape changes of the nucleus.
Early studies have shown that the size of the nucleus
increases during the cell cycle. Intriguingly, a recent
study showed that the nuclear shape also fluctuates at
time scales of seconds, and that the amplitude of these
fluctuations changes at various cell cycle stages
(Figure 2h) [17°°]. Further studies are required to unravel
the reason and mechanisms of such shape fluctuations.
Chu et al. hypothesize that a balance between forces from
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chromatin and the cytoskeleton cause the shape fluctua-
tions; however, the role of nucleo-cytoskeletal coupling
has not yet been studied [17°°].

Conclusions and perspectives

More than a decade of work has shown that cells can
form a direct physical connection between their cyto-
skeleton and the interior of their nuclei providing a
direct transmission of mechanical signals to the enclosed
genetic material. Consequences of this force transmis-
sion to the nucleus, and changes in chromatin organiza-
tion are exciting and emerging areas of research [3,4];
But it remains unclear whether direct physical linkages
are required for force transmission to the nucleus and the
initiation of nuclear mechanotransduction. In accordance
with recent research presented in this review, forces can
also effectively be transmitted to the nucleus indepen-

dent of direct nucleo-cytoskeletal coupling through
LINC complexes.

There is now some evidence that LINC complex associ-
ated proteins SUN and KASH may have several func-
tional roles independent of their incorporation into the
LINC complex [21,40,41]. To study the direct involve-
ment of nucleo-cytoskeletal coupling through SUN and
KASH in nuclear deformation, future studies should
consider these alternative functions. To test the impor-
tance of SUN and KASH proteins in direct force trans-
mission to the nucleus, their LINC related functions
could be decoupled by only inhibiting their cytoskeletal
or nucleoskeletal binding domains. The molecular details
of the SUN-KASH interactions revealed in the past few
years could be used to mutate specific sites on SUN or
KASH known to be essential for force transmission
through LINC complexes [42]. For example, specific
mutations in SUN proteins allow the recruitment of
KASH to the nuclear envelope, but inhibit efficient force
transmission across the complex [30°,43,44,45°°]. It would
be interesting to use such mutations to study the force
transfer function of the LINC complex, and elucidate its
role in nuclear mechanotransduction.

Furthermore, we know that various SUN proteins can
bind to distinct KASH domain proteins to mediate various
cellular functions. As opposed to a holistic view of LINC,
it is important to distinguish between functions of various
SUN-KASH pairs and determine which ones are impor-
tant in direct force transmission, nuclear deformation and
nuclear mechanotransduction [41,42,46].
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